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In recent years, transition metal dichalcogenides (TMDs) have shown promise as a 
next generation class of semiconducting two-dimensional materials for use in electronic 
devices. Due to their low dimensionality, TMDs are appealing materials for a variety of 
applications, including flexible electronics, digital and analogue electronics, optoelectronic 
uses, and sensors. The absence of out-of-plane dangling bonds in 2D materials enables the 
potential for arbitrary stacks of 2D layers, yielding a 2D vertical heterostructure. The 
stacking arrangement of 2D layers in these heterostructures can be tailored to yield a 
number of different device characteristics, from steep slope tunnel transistors to resonant 
tunnel junctions. However, the majority of studies that explore TMDs for various 
applications obtain films using methods that are not scalable, such as mechanical 
exfoliation or synthesis at high temperatures (T > 450 oC). In order for TMDs to be 
integrated into industrial back-end-of-line (BEOL) processes, films must be able to be 
synthesized using conditions that are compatible with complementary metal oxide 
semiconductor (CMOS) BEOL process limitations, namely low synthesis temperature. 
To achieve compatibility with BEOL limitations, this work demonstrates low 
temperature synthesis of TMDs utilizing plasma-assisted synthesis techniques. Physical 
characterization yields information on the stoichiometry, crystallinity, thickness, and 
electronic structure of the films, while electrical measurements are used to correlate the 
electronic transport through the films to material quality and defect structure. In particular, 
the temperature dependence of in and out-of-plane conductivities provide information on 
 xxi 
conduction mechanisms through the material, as well as injection at the 
metal/semiconductor interface. 
TMD films are synthesized on different substrates in order to enable direct layer-
by-layer construction of heterostructures, removing the need for transfer processes that 
introduce contamination at the interfaces between layers. MoS2/high-k dielectric/MoS2 and 
MoS2/WS2 heterostructures are constructed from low temperature synthesized films, and 
metal/MoS2/metal heterostructures are constructed from both low and high temperature 
synthesized films; all of which are used to investigate tunneling and injection mechanisms, 
rectification, pinning effects, and switching behavior. Certain heterostructures are exposed 
to ionizing radiation to induce various defects into the different heterostructure layers, so 
that individual defect types can be correlated to changes in resulting device behavior. 
Hydrogen impurities and oxygen complexes at the 2D/oxide interface are found to dope 
and degrade device performance, and passivated oxygen vacancies in the high-k dielectric 
interlayer can contribute to trap-assisted tunneling across the tunnel junction. 
The work presented in this thesis establishes a basis for low-temperature synthesis 
of TMDs and demonstrates methods for how restrictions on synthesis conditions can be 
overcome. An understanding of how defects and material quality influence resulting device 
performance was performed through a combination of physical characterization and device 
characteristics. In addition, the interaction between the TMD and metal contacts is explored 
in the context of Fermi level pinning. In summary, this work demonstrates low temperature 
synthesis of TMDs, providing a path for 2D heterostructure implementation into BEOL 
processes, and explores the implications of resulting material quality and defect structure 
on heterostructure device performance.
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CHAPTER 1. INTRODUCTION 
Due to their unique thickness-dependent properties, two-dimensional (2D) 
materials have recently generated interest for a variety of device applications, including 
flexible electronics1-6, optoelectronics7-14, and sensors15-18. One particularly attractive 
property of 2D materials is the absence of out-of-plane bonds; all atomic bonding occurs 
in plane, yielding a layered van der Waals structure as opposed to a 3D bulk crystal. 
Because interaction between layers is predominantly van der Waals, heterostructures of 
differing 2D layers can be fabricated without concerns of epitaxial lattice registry19-20. 
Therefore, 2D materials show promise for realizing device architectures and application 
that are difficult to achieve using bulk 3D crystals, such as memory select21, steep-slope22-
24, or resonant tunneling structures25-28. This chapter includes an overview on the history 
of 2D materials, a background on the origin of useful properties 2D materials exhibit, a 
summary of various synthesis methods used to grow these materials, and a survey of 
various applications of 2D materials in electronics devices. 
 
1.1 History of 2D Materials 
Despite their recent attention for electronic device applications, the unique properties 
of 2D materials have been explored for over 50 years, most notably as solid lubricants29. 
2D materials exhibit strong in-plane bonding, but because the out-of-plane interaction 
between layers is predominantly van der Waals, the out-of-plane strength of these materials 
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is weak, enabling individual layers to slip with respect to one another. Therefore, these 
materials lend themselves effectively to lubricant applications. 
Although 2D materials were historically used for their physical and mechanical 
properties, a significant amount of work explored their electronic structure and properties30-
33. The single layer allotrope of graphite, termed graphene in 198634, was first postulated 
to exist in 1947 by P. R. Wallace35. However, it was not until 2004 that single layer 
graphene was experimentally realized using the “Scotch tape method” of mechanical 
exfoliation36, winning K. S. Novoselov and A. K. Geim the Nobel prize in 2010. Novoselov 
and Geim’s realization of a single layer 2D crystal spurred a renewed interest in 2D 
materials, leading to similar demonstrations of exfoliated single layers of semiconducting 
TMDs and insulating dielectrics like hexagonal boron nitride (hBN). The Scotch tape 
method represented a relatively easy method to produce single layered 2D materials, 
allowing anyone with access to bulk 2D crystals to perform 2D material experiments. 
However, a significant limitation of the Scotch tape method is that the resulting 2D flakes 
on the order of micrometers, preventing this method from being used as a scalable process. 
Despite this limitation, the increased access of single layer 2D crystals enabled a rapid step 
forward in 2D material research. These advances have come in various forms, ranging from 
heterostructures exhibiting negative differential resistance (NDR)26, 37 to FETs with an 8 






1.2 Structure and Properties of 2D materials 
1.2.1 Structure and Properties of TMDs 
TMDs have the characteristic chemical formula MX2, where M is a transition metal 
(typically Mo or W) and X is a chalcogen (S, Se, Te, etc.). In a single layer, the atomic 
arrangement of the TMD consists of a single sheet of transition metal sandwiched between 
two sheets of chalcogen atoms. Additional layers interact through van der Waals 
interaction, yielding a bulk crystal. Although the bulk crystal consists of multiple TMD 
layers, each individual layer consists of only in-plane bonding, meaning that there are no 
out-of-plane dangling bonds at the interface between two layers. Therefore, assuming 
perfect quality TMD films, perfect interfaces can be achieved; this is in contrast to 
analogous 3D crystal interfaces, where the interface between two different materials 
typically involves dangling bonds that prevent a perfect interface. Additionally, because 
the atomic bonding in TMDs is primarily in-plane, TMDs exhibit anisotropic electronic 
transport properties. More specifically, the in-plane conductivity is relatively high, whereas 
out-of-plane conductivity is low and requires tunneling for carrier to jump from layer to 
layer39. 
When layers are added onto the monolayer TMD, a few different stacking 
configurations are possible, which influence resulting film properties. The stacking 
arrangement depends on the coordination of the metal and chalcogen atoms across multiple 
layers of the TMD8. For most of the common TMDs (namely the transition metal sulfides 
and selenides), the thermodynamically stable configuration at room temperature is the 2H 
phase, a characteristic AB stacking arrangement where the metal atoms in one layer align 
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with the chalcogen atoms in the opposite layer, and the chalcogen atoms in a single layer 
align with each other on either side of the transition metal atoms, yielding hexagonal 
symmetry40. 
Another stacking configuration for TMDs is termed the 1T configuration. In this 
case, the atomic arrangement involves the metal and chalcogen atoms in one layer aligning 
with the metal and chalcogen atoms in the opposite layer, respectively40. This configuration 
yields an orthorhombic unit cell, as opposed to the trigonal prismatic cell exhibited by the 
2H phase. A parallel case is the 1T’ phase, where the metal atoms between layer align, but 
the 2 layers are rotated 180o. Although many common TMDs favorably exhibit the 2H 
phase at room temperature, there are cases, such as WTe2, that favor the 1T’ phase
41. 
Although different TMDs thermodynamically prefer to arrange in a particular stacking 
arrangement, changes to the film’s environment (such as temperature or pressure) can be 
used to induce a shift from one stacking phase to the other42. This shift has also been 
predicted to be possible to induce electrically43.  
The electronic properties of a TMD film depends on the phase of the multi-layer 
film. In the 2H phase, the pz orbitals of the chalcogen atoms in opposite layers are 
interspersed from each other, resulting in no orbital overlap. Conversely, in the 1T phase, 
the chalcogen pz orbitals of the different layers directly overlap. These pz orbitals strongly 
influence the valence structure of the material, and as such the different phases exhibit 
contrasting electronic properties. For example, MoS2 and WSe2 are semiconducting in the 
2H phase, but shift to semi-metallic behavior in the 1T phase44-45. 
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Because the layer-layer interaction strongly influences the electrical characteristics 
of TMDs, TMD films exhibit interesting thickness dependent properties. In the case of 
MoS2, the valence structure of the material arises due to sulfur atom pz orbitals and the 
molybdenum atom d orbitals8. Because the sheets of sulfur atoms sandwich the 
molybdenum sheet, any environmental influence is strongly felt by the out-of-plane pz 
sulfur atom orbitals. As such, any interlayer interactions are strongly felt by the sulfur 
atom’s pz orbitals, and significantly affect the valence band structure of the material. 
Conversely, the molybdenum atom’s d orbitals influence the conduction band structure of 
the material. Because these molybdenum atoms are shielded from the environment by the 
surrounding sulfur atoms, the conduction band structure is more resilient to environmental 
or layer dependent interactions8. 
Continuing with the example of MoS2, a monolayer is semiconducting with a direct 
bandgap of approximately 1.9 eV46. When a single layer is added to a monolayer, the band 
structure is altered. Specifically, the bandgap decreases, and transitions from a direct gap 
at the K-point to an indirect gap with the valence band maximum at Γ-point8, 47. This change 
occurs with the addition of only a single layer; this implies that for most optoelectronic 
applications, monolayer MoS2 is required in order to exploit the direct bandgap of the 
material. As more layers are added, the bandgap continues to decrease to a value of 1.2 eV 
at around 8 layers; above 8 layers, the film can be considered “bulk”. Although the 
conduction band structure is modified with the addition of layers, it changes to a much 
lesser extent, where the conduction band minimum shifts from the K-point at the 
monolayer to a point between the K and Γ-points in bulk. The transition in MoS2’s 
electronic band structure with respect to film thickness is plotted in Figure 1.146. Other 
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TMDs also exhibit similar behavior, where monolayer films typically exhibit direct 
bandgaps that transition to indirect gaps as layers are added8. 
 
Figure 1.1. The relationship between MoS2 band structure and film thickness, showing the 
transition from a 1.2 eV indirect bandgap in bulk MoS2 to a 1.9 eV direct bandgap for 
monolayer MoS2. Reprinted with permission from A. Kuc, A.; Zibouche, N.; Heine, T., 
Influence of quantum confinement on the electronic structure of the transition metal sulfide 
TS2. Phys. Rev. B 2011, 83 (24). Copyright 2011 by the American Physical Society46. 
 
 This thickness dependence of TMDs on the band structure is commonly observed 
in photoluminescence (PL) measurements. Mono to few-layer TMDs exhibit a PL 
response, with monolayer samples exhibiting the strongest signal48-49. Because the optical 
bandgap increases with increasing film thickness in conjunction with the electrical bandgap 
decreasing, the PL signal intensity drops off relatively quickly with each additional TMD 
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layer. Additionally, the PL peak position shifts in energy as more layers are added to the 
film, as the optical bandgap changes in value.  
1.2.2 Structure and Properties of Graphene 
In contrast to TMDs, graphene only requires a single element, carbon, to form a two-
dimensional sheet of material. In a single sheet of graphene, carbon atoms are arranged in 
a honeycomb lattice with a lattice constant of 2.46 50. In the monolayer, graphene exhibits 
a unique band structure where the conduction band and valence band meet at the K-point 
in momentum space, resulting in a semimetal electronic structure51. Close to the K-point, 
the E-K dispersion relation is linear, yielding conduction and valence band cones. These 
cones are termed Dirac cones, and the single energy where they meet at the K-point is 
termed the Dirac point. 
When a second layer is added, the modification of the band structure depends on the 
stacking arrangement. One common stacking configuration is ABA, termed Bernal 
stacking, which is the stacking found in geological graphite crystals. Conversely, multi-
layer graphene can also stack in an ABC manner, yielding a rhombohedral structure. The 
stacking configuration influences the band structure at the K-point, where additional layers 
add concentric Dirac cones that either converge on the Dirac point or broaden to form 
parabolic conduction and valence band edges52. Therefore, by adding additional layers and 
controlling the stacking configuration, it is possible to open a small bandgap into graphene. 
Due to its linear dispersion relation, carriers in graphene are Fermions and obey 
Fermi-Dirac statistics53. From this unique band structure, electrons in graphene 
theoretically have an effective mass of 0, implying superconductivity, with thermal 
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velocities of 106 m/s 54. Because of this low electron mass near the K-point, monolayer 
graphene offers high electronic performance characteristics, including mobilities as high 
as 200,000 cm2/Vs when suspended55. The mobilities of monolayer graphene are 
significantly reduced when in contact with any substrate or encapsulating medium, having 
best case values of near 10,000 cm2/Vs on SiO2 
53. In both of these cases, the graphene was 
obtained through mechanical exfoliation of geological crystals; the mobility values are 
further reduced when synthesized graphene crystals are used56. 
 
1.3 Synthesis Techniques for 2D materials 
Although mechanical exfoliation of bulk 2D crystals produces high quality 2D 
flakes, the resulting films are typically on the order of microns. Additionally, controlling 
the thickness of the exfoliated flakes is difficult. Moreover, mechanical exfoliation is not 
suitable for large scale industrial processes. Therefore, synthesis techniques must be 
developed in order to obtain high quality, large area, thickness controlled 2D films.  
1.3.1 Synthesis of TMDs 
A common synthesis technique for TMDs is chemical vapor deposition (CVD)57-
60. In a CVD synthesis process, different precursors containing the transition metal and 
chalcogen are concurrently delivered to a substrate in a high temperature environment. 
These precursors react in the vapor phase and subsequently deposits onto the substrate to 
nucleate an individual TMD grain. Additional reacted precursor either attaches to the edge 
of the existing grain to facilitate grain growth, or nucleates a new grain. Common 
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chalcogen precursors typically include elemental powders58, 61 and hydrogen 
chalcogenides59-60. The transition metal is commonly delivered using one of a few different 
sources including transition metal oxides60, 62, metal hexacarbonyls63-64, or transition metal 
chlorides65. By tuning synthesis parameters including temperature, precursor flow rates, 
pressure, and synthesis time, film characteristics such as thickness, uniformity, and grain 
size can be controlled. However, a drawback of the CVD technique is that the extended 
synthesis durations required to coalesce a complete film typically result in additional layers 
nucleating on top of existing grains. These additional nucleation events result in 
nonuniform film thicknesses, inducing significant electronic inhomogeneity across the film 
due to TMDs strong thickness dependence on electronic properties. However, the fact that 
additional layers can nucleate atop existing grains has allowed for direct synthesis of both 
vertical and lateral heterostructures61, 66-67. 
One way to circumvent the inhomogeneity issues CVD presents is the thin film 
reaction synthesis technique68. In this method, a thin layer of transition metal is pre-
deposited onto the synthesis substrate, typically on the order of a single nanometer. The 
thin metallic film is then exposed to a high temperature chalcogen rich environment, 
driving the chalcogen to react with the transition metal film. A benefit of the thin film 
reaction technique is that the thickness and uniformity of the resulting TMD film 
predominantly depends on thickness and uniformity of the initial transition metal layer. 
Therefore, large area, uniform TMD films can be synthesized by controlling the uniformity 
of the initial layer68. However, a limitation of this technique is that the resulting grain size 
of the TMD films are typically on the order of 10 nm 69. Additionally, the synthesis process 
is diffusion limited, implying there are limitations on the film thicknesses that can be 
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synthesized. When the initial transition metal films are relatively thick (on the order of a 
few nanometers), the resulting TMD will grow out-of-plane in a vertical lamellar structure 
as opposed to planar layers stacked on top of one another70-71. That said, heterostructure 
synthesis has been demonstrated using the thin film reaction method; by pre-depositing 
different transition metals, an abrupt heterojunction can be directly synthesized72-73. 
A third synthesis technique for TMDs is molecular beam epitaxy (MBE) of 
transition metal and chalcogen precursors74-79. The ultra-high vacuum environment of an 
MBE system also enables synthesis of TMDs that cannot be synthesized in traditional 
furnaces due to thermodynamic effects, such as transition metal tellurides78-79. While MBE 
synthesis commonly utilizes a hexagonal substrate such as graphite or hBN to provide 
epitaxy for the TMD’s nucleation, MBE synthesis directly on SiO2 wafers has been 
demonstrated75. The precursors are typically delivered at low fluxes, where the chalcogen 
is usually thermally evaporated and the transition metal is e-beam evaporated. In particular, 
a chalcogen-rich environment is necessary in order to suppress nucleation and facilitate 
grain growth. Figure 1.2 shows atomic force microscopy (AFM) images of WSe2 flakes 
synthesized on highly oriented pyrolytic graphite (HOPG) using different selenium 
fluxes77. A notable benefit of MBE synthesis is that a variety of heterostructures can be 
synthesized directly in a single system without breaking vacuum, enabling heterostructure 
fabrication with pristine interfaces. However, the common limitations of MBE systems 





Figure 1.2. AFM images showing the impact of Se flux on the synthesis of WSe2 on 
HOPG. High Se flux results in suppressed nucleation and more uniform flakes. Reprinted 
with permission from R. Yue et al., 2D Materials, vol. 4, p. 05419-7. Copyright 2017 by 
IOP Publishing Ltd77. 
 
For all of these synthesis methods, a common requirement is the relatively high 
required synthesis temperature. Although these different techniques have different specific 
temperature requirements, all methods require temperatures greater than 400 oC, making 
them incompatible with BEOL fabrication processes. Attempts to decrease the synthesis 
temperature have begun yielding encouraging results, but still require significant 
optimization. Atomic layer deposition (ALD) techniques have successfully synthesized 
MoS2 at temperatures as low as 150 
oC, although film quality has been poor and not suitable 
for electronic applications80-81. An alternative approach to decreasing synthesis 
temperature has been through plasma-assisted synthesis techniques82. By exposing a 
molybdenum thin film to an H2S plasma, MoS2 was successfully synthesized at 
temperatures of 150 and 300 oC. Because the plasma cracks the H2S gas into H-S and S 
radicals, the activation energy for the sulfur-molybdenum reaction is significantly reduced. 
Although grain size and electron mobilities were both inferior to similar CVD synthesized 
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MoS2 films, plasma assisted synthesis appears to be a promising avenue for integrating 
TMD synthesis into scalable BEOL processes. 
1.3.2 Synthesis of Graphene 
The synthesis of graphene has been studied at length for over 10 years. Techniques 
such as CVD on metallic foils56, 83, epitaxial growth from SiC84, and reducing graphene 
oxide85 all have unique benefits and drawbacks. Of these three techniques, epitaxial 
synthesis from SiC substrates yields the highest quality graphene, but is also the most 
expensive technique and not viable at an industrial scale. Conversely, reducing graphene 
oxide is inexpensive and can be done at a relatively high throughput, but yields low quality 
films that are not suitable for high performance electronic applications. CVD synthesis on 
metallic foils offers a compromise of cost and quality, where relatively high-quality 
material can be synthesized at industrial scales. 
The most common substrate used to synthesize graphene via CVD is copper foil, due 
to its catalytic nature. A carbon source, typically methane, is delivered to a high 
temperature (~1,000 oC) environment, where the copper then catalytically cracks the 
precursor86-87. The resulting carbon adsorbs to and diffuses across the copper surface to 
high energy sites, such as copper grain boundaries and defects88. Any remaining hydrogen 
desorbs from the carbon, and when sufficient carbon agglomerates at the site, it nucleates 
into a graphene island. Additional carbon precursor either diffuses to the edge of the 
existing grain to facilitate grain growth, or nucleates a new grain at a different high energy 
site on the copper foil89. Given sufficient time and precursor, the individual graphene 
islands coalesce into a single graphene film; this film typically is polycrystalline, as the 
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individual nucleated grains do not align with one another90. Because the carbon precursor 
is catalytically cracked by the exposed copper surface, once a monolayer of graphene 
coalesces, nucleation and growth are suppressed. Therefore, graphene CVD synthesis on 
copper is a self-limiting process and results in a predominantly monolayer graphene film 
on the copper surface. 
The grain size of the graphene films can be controlled by changing the purity and 
grain structure of the underlying copper substrate, as well as the synthesis temperature and 
pressure56, 91. At higher synthesis temperatures, the resulting grain size significantly 
increases, whereas nucleation density decreases with increasing temperature. As such, 
higher synthesis temperatures result in graphene films with fewer, larger grains. Similar 
trends are observed for synthesis pressure, where the carbon partial pressure affects 
nucleation by influencing carbon adsorption, dehydrogenization, diffusion, and formation 
rates91. 
 
1.4 Defects in 2D Materials 
Understanding the type and density of defects within a two-dimensional material is 
important in determining its electronic properties and characteristics. In two-dimensional 
materials, the dimensionality of different defects is one fewer than in traditional bulk 
materials. For example, a grain boundary in a three-dimensional crystal would be 
considered a two-dimensional defect, whereas in a two-dimensional material a grain 
boundary can be thought of as a line defect having one dimension. The two common types 
of defects that influence physical and electronic structure in two-dimensional materials are 
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point defects consisting of vacancies or charged impurities and grain boundaries resulting 
from grains impinging during growth. These different defects influence electronic structure 
and performance of the film in a number of ways, for example by introducing new energy 
states that act as traps for carriers or scattering carriers and lowering the mobility of the 
material. 
 Density functional theory (DFT) calculations on monolayer MoS2 were performed 
to explore the thermodynamic energies of formation for different point defects92. One of 
the most common defects in MoS2 are interstitial sulfur adatoms, which create a shallow 
gap state near the valence band edge. This near-valence state narrows the bandgap, 
effectively reducing the bandgap by 0.23 eV. A common complementary defect in MoS2 
is the sulfur vacancy. Sulfur vacancies, present in nearly all MoS2 films obtained either 
from exfoliation or synthesis, introduce two different states into the bandgap. The first state 
is a shallow valence state, similar to the case of sulfur adatoms. The second state appears 
as a deep level trap state located in the middle of the bandgap, due to dangling bonds 
associated with the Mo 4d orbitals
92. 
In order to confirm the thermodynamic stability of these defects, atomic resolution 
scanning transmission electron microscopy (STEM) has been used to characterize intrinsic 
defects in synthesized MoS2 
93. The most commonly observed defect was the sulfur 
vacancy, consistent with the theoretical prediction of sulfur vacancies having one of the 
lowest defect formation energies. In addition, defect complexes including sulfur and 
molybdenum di- and tri-vacancies were observed, along with substitutional defects where 
molybdenum occupies a sulfur site, and vice versa; however, few molybdenum mono-
vacancies were observed. This can be explained due to the formation energies of the 
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different vacancy states: because sulfur vacancies have the lowest energy of formation, 
defective areas in MoS2 prefer to be molybdenum terminated. As such, should a 
molybdenum vacancy occur, the surrounding sulfur preferentially breaks their respective 
bonds and desorbs from the film. From these desorption events, molybdenum and sulfur 
adatoms were also observed on the MoS2 surface. 
Because MoS2 defects preferentially terminate with sulfur vacancies, grain 
boundaries also tend to be molybdenum terminated; this phenomenon is also observed in 
other common TMDs 94-95. In fact, the gap states generated from sulfur vacancies, along 
with the electrons donated by nearby dangling bonds, have been reported to induce semi-
metallic behavior in the grain boundaries of TMDs95-96. In the case of films with small 
grain size, the consequences of this effect are rather significant. Although the semi-metal 
behavior of TMD grain boundaries is detrimental in semiconducting applications, this 
phenomenon has been exploited for different catalytic applications, such as hydrogen 
evolution97. For electronic applications, however, large grains are desirable. 
 The atomic resolution STEM imaging used to monitor defects also yields 
information on dislocations in MoS2. From the top down, pristine MoS2 is viewed as six-
member rings of sulfur atoms surrounding a molybdenum atom. Dislocations commonly 
initiate with a 5/7-member ring pair, although 4/4, 4/6, 4/8, and 6/8 member rings were 
also observed93. 
 These 5/7-member ring pairs commonly are present in graphene films as well, 
manifesting as a dislocation that yields a grain boundary. Grain boundaries also arise due 
to synthesis conditions that influence nucleation and grain growth, and act as scattering 
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sites for carriers within the plane of the film98-99. As is the case for TMDs, graphene films 
with large grain sizes are of substantial interest for electronic applications, and significant 
work has been done to optimize synthesis to yield large grain films100-101. 
 Various vacancy clusters in graphene have also been observed, where complex ring 
combinations such as the 5/9 monovacancy, the 5/8/5 divacancy, and the 5555/6/7777 
divacancy102. Although some of these complex point defects exist naturally in exfoliated 
and synthetic films, they commonly arise under exposure to high energy electron exposure. 
The radiation effects of 2D materials will be discussed in more detail later. 
 While transmission electron microscopy (TEM) and STEM techniques offer 
valuable information of the defect structure and concentration in 2D films, both techniques 
are time and cost intensive. In contrast, Raman spectroscopy has proven to be a valuable 
tool for characterizing the quality of both TMD and graphene films due to its low cost and 
high throughput. In TMDs, the full width at half maximum (FWHM) of the A1g and E
1
2g 
peaks yields qualitative information on grain size and defect density68, 103. Figure 1.3 (a) 
shows Raman spectra for MoS2 synthesized at different temperatures, with the 
corresponding FWHMs of both the A1g and E
1
2g peaks shown in (b)
68. Films synthesized 
at higher temperatures exhibit sharper Raman peaks, indicating higher quality films; the 
peak FHWMs for the 1,050 oC synthesized film are nearly identical to values found in 
geological bulk crystals. Although the information obtained is qualitative, benchmarking 




Figure 1.3 (a) Raman spectra for MoS2 synthesized at various temperatures. (b) FWHM 
values for the A1g and E12g peaks for each synthesis temperature. Reprinted with 
permission from Tarasov, A.; Campbell, P. M.; Tsai, M.-Y.; Hesabi, Z. R.; Feirer, J.; 
Graham, S.; Ready, W. J.; Vogel, E. M., Highly Uniform Trilayer Molybdenum Disulfide 
for Wafer-Scale Device Fabrication. Adv. Funct. Mater. 2014, 24 (40), 6389-6400. 
Copyright 2014 by John Wiley & Sons68. 
 
 For graphene, Raman spectroscopy provides a more quantitative understanding of 
defect density. Characteristics including doping, number of layers, and strain can also be 
determined using Raman spectroscopy by investigating peak positions, relative peak 
intensities, and peak FWHMs104-106. A particular peak termed the D peak, located at 
approximately 1,360 cm-1, can be used to determine defect density. The D peak 
corresponds to a symmetric phonon node that normally destructively interferes with itself 
in a pristine film; when a defect is present, the symmetry is broken, and the resulting 
asymmetric phonon node gives off a measurable signal107. Therefore, the D peak can be 
used to monitor whether defects are present in the graphene film. Additionally, the relative 
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intensity of the D peak can be used to extract the density of defects in the film, which has 
been shown to be correlated to a decrease in carrier mobility107. 
 
1.5 Electronic Applications of 2D Heterostructures 
As stated earlier, the significant interest in 2D materials arises from their unique 
properties that can be exploited for a variety of applications. These properties, which 
include a lack of out-of-plane dangling bonds, a step-like density of states, and inherent 
flexibility, lend themselves well to applications such as flexible electronics, sensors, 
optoelectronics, and most recently memory select devices. Although the majority of the 
content in this thesis revolves around 2D heterostructure device architectures, this section 
will also include a brief review of other common 2D material electronic applications. 
1.5.1 Flexible Electronics 
As their name suggests, 2D materials are atomically thin, where atomic bonding is 
limited within the x-y plane. The absence of a third dimension uniquely suits 2D materials 
for flexible applications. Current flexible technologies revolve around either thinning bulk 
3D crystals or utilizing polymeric organic electronic materials. In the case of thinning bulk 
3D crystals, the electronic structure of the material commonly changes when the material 
is thinned108-110. Therefore, the resulting thinned 3D materials must be engineered to yield 
the desired physical and electronic structure. Organic transistor materials also come with 
their associated challenges. Although these materials are inherently some of the most 
flexible electronic materials, they commonly exhibit poor mobilities on the order of 0.01 
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cm2/Vs 111. The low mobilities exhibited in these materials significantly reduce the 
applicability of these materials to lower performance and low frequency applications. 
In contrast to bulk 3D crystals and organic materials, 2D materials are inherently 
atomically thin and offer characteristic flexibility while maintaining electronic properties 
closer to current electronic technology. Similar to how 2D materials exhibit van der Waals 
interaction to other 2D layers, they also demonstrate a van der Waals interaction with the 
substrate they reside on. Therefore, 2D materials can be transferred onto arbitrary flexible 
substrates for flexible electronic applications2-3, 5, 72. Transferred properly, the films do not 
exhibit any physical changes or degradation after the transfer process, and the mobilities 
of the films transferred onto flexible substrates are nearly identical to the mobilities 
calculated prior to the transfer process112. Additionally, the films did not exhibit any 
decrease in performance after a large number of cycles, highlighting that their flexibility is 
robust15, 112. These results indicate that 2D materials are well suited for flexible, high 
performance applications. 
1.5.2 Sensors 
The principle of operation in sensing applications revolves around the properties of 
a material changing with its surrounding environment. Because 2D materials are atomically 
thin, they are extremely sensitive to changes in their surroundings. This effect can be 
observed in simple cases of threshold voltage shifts in atmospheric transistor 
measurements113-115. One such example involves MoS2 gas sensors, which exhibit good 
sensitivity and fast recovery times116. Additionally, MoS2 has been used to demonstrate 
selective gas sensing117. Similarly, TMDs can be doped simply by adsorbing charged 
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molecules to the surface118. These charged molecules donate or accept electrons, changing 
the electronic structure of the material and inducing a threshold voltage shift. By tailoring 
the interface between a 2D material and its ambient environment, chemical sensitivity can 
be achieved in the case of both graphene and TMDs. 
In addition to chemical sensing, the strain response of TMDs can be exploited for 
strain sensing applications. Specifically, the electronic structure of TMDs changes with 
strain, which can induce changes in device characteristics119-121. These changes in device 
characteristics can be correlated to the strain on the material, yielding a strain sensing 
device15, 122. Similar behavior is also observed in graphene devices, where fluctuations in 
resistivity can be correlated to changes in applied strain123-124. Because 2D materials are 
inherently flexible, they demonstrate minimal degradation under many cycles of strain, 
indicating they are appropriate for strain sensing applications. 
1.5.3 Optoelectronics 
While graphene is semi-metallic and does not exhibit a bandgap, the optoelectronic 
structure of TMDs are well suited for optoelectronic applications. As monolayers, TMDs 
have a direct bandgap with energies in the visible portion of the electromagnetic 
spectrum125-126. This direct bandgap makes TMDs attractive as materials for solar cells, 
light emitting diodes (LEDs), and photodetectors.  
Both graphene and TMDs have recently shown encouraging results as solar cell 
materials127-129. The quantum efficiency of these structures varies from ~1% to over 50%, 
depending on the device architecture and incoming wavelength used. However, a limitation 
of 2D materials in this application space is that the atomically thin nature of these materials 
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limits light absorption efficiency. To mitigate this effect, various techniques have been 
employed to improve absorption and improve device efficiency130-132. 
Numerous studies have exploited the direct bandgap of monolayer TMDs to 
fabricated LED devices133-134. Because monolayer TMDs are inherently flexible, they offer 
promise for atomically thin, flexible LED devices. Additionally, more complex 
heterostructures have demonstrated LED behavior via quantum well tunneling135-136. 
However, the efficiency in these cases is rather low, where best-case values are around 
0.2% 137. 
Heterojunctions of TMDs have been demonstrated to exhibit the photovoltaic 
effect66-67, 138. When exposed to light, excitons are generated in the TMD layers, which then 
dissociate into electrons and holes and migrate to the layer with the lowest respective 
energy. This induces a change in carrier concentration, which can be observed in the device 
characteristics as a photo-rectifier. Similar graphene-based heterostructures have been 
shown to also exhibit photodetection behavior9, 139. Single layer photoresponse has also 
been demonstrated in TMDs140. In this case, a photocurrent can be measured across a single 
layer FET that is sensitive to incoming light intensity. 
1.5.4 2D Heterostructure Operational Modes 
Although a number of studies have demonstrated standard channel FET operation 
of 2D materials, device architectures based on heterostructures utilize the unique properties 
of 2D materials more effectively. Because there exist two dimensional conductors 
(graphene), semiconductors (TMDs), and insulators (hBN), any combination of stacked 
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layers can be realized, due to the lack of out-of-plane bonding characteristic of 2D 
materials. 
A common vertical heterostructure stack used for electronic devices consists of two 
electrodes separated by an insulating layer. The electrodes are commonly graphene or 
TMDs, while the insulating layer can be hBN, a non-2D high-κ dielectric, or even the van 
der Waals gap. This structure typically operates via tunneling, where under certain bias 
conditions, carriers are driven across the interlayer from one electrode to the opposite 
electrode. For tunneling to occur, there must be alignment of the bands in the two electrode 
layers, which is commonly done through a combination of drain-source (Vds) and gate (Vg) 
biases. 
The construction of this tunneling FET (TFET) architecture is typically designed to 
facilitate one of two types of tunneling: opposite band-to-band tunneling, where carriers 
tunneling from the conduction (valence) band of one electrode to the valence (conduction) 
band of the other electrode; and like-band tunneling, where carriers from the conduction 
(valence) band of one electrode tunnel to the conduction (valence) band of the other 
electrode. These two tunneling regimes are shown schematically in Figure 1.4 (a,b) for 




Figure 1.4. Band diagram of a MoS2/WSe2 operating in the (a) band-to-band and (b) like-
band tunneling regimes. In (b), path I corresponds to the like-band injection.. Reprinted 
with permission from Roy, T.; Tosun, M.; Cao, X.; Fang, H.; Lien, D.-H.; Zhao, P.; Chen, 
Y.-Z.; Chueh, Y.-L.; Guo, J.; Javey, A., Dual-Gated MoS2/WSe2 van der Waals Tunnel 
Diodes and Transistors. ACS Nano 2015, 9 (2), 2071-2079. Copyright 2015 by the 
American Chemical Society141. 
 
1.5.4.1 Opposite-Band Injection 
In an opposite-band tunneling architecture, two types of device behavior are 
commonly observed: steep-slope operation and Esaki diode operation. Because 2D 
materials have a step-like density of states, the band edges are perfectly square in the case 
of pristine materials. This unique property of 2D materials enables 2D heterostructures to 
potentially surpass the 60 mV/decade limit in traditional metal-oxide semiconductor FETs 
(MOSFETs). 
The steep-slope mode of operation requires a set of materials with a small offset 
between the conduction band in one electrode and the valence band in the opposite 
electrode. At small biases, the offset prevents tunneling carriers from crossing the 
interlayer, because no overlap between the conduction and valence bands exists. As the 
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bias across the structure increases, the conduction band edge in one electrode aligns with 
the valence band edge in the opposite electrode, whereupon a sharp increase in tunnel 
current occurs. Further increases in applied bias further increase the overlap between the 
conduction and valence bands, although no increase in current is observed due to the 
momentum conservation requirement for tunneling. With pristine TMDs, the band edges 
are step like, which theoretically yield an infinite subthreshold swing. However, defects or 
grain boundaries broaden the band edges, resulting in a finite subthreshold swing142. 
Although various theoretical studies have explored and demonstrated the viability 
of steep slope device operation using TMDs, no experimental evidence of steep slope 
behavior has yet been realized. However, steep slope behavior has been realized through a 
combination of 2D MoS2 and 3D p-type germanium
23. Below the threshold voltage of the 
device, the Fermi energy of the germanium and conduction band of the MoS2 are 
misaligned, preventing sufficient injection into the MoS2 resulting in low current. Above 
the threshold voltage, the MoS2 conduction band edges decrease in energy and lie below 
the germanium’s Fermi energy, enabling tunneling across the van der Waals gap. The 
device resulted in a subthreshold swing below 60 mV/decade over four orders of 
magnitude, with an average value of 31 mV/decade. 
The second characteristic behavior of opposite-band tunneling is the Esaki diode, 
first demonstrated in 1974 143. Similar to steep-slope operation, Esaki behavior requires an 
offset in the band alignment of the two 2D layers, although in this case there must be a 
small overlap between the conduction band of one layer with the valence band of the 
opposite layer at no applied bias. As the bias across the structure increases, the Fermi 
energies in the two layers offset, enabling tunneling from the conduction band of one layer 
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to the valence band of the opposite layer. With increasing bias, the tunneling window 
decreases, resulting in a decrease in tunnel current. This results in an NDR peak in the 
current-voltage characteristics. After the NDR region, further increases in bias result in 
increased current across the device. This Esaki behavior has been realized experimentally 
using both exfoliated TMDs141, 144 and black phosphorous flakes145. 
1.5.4.2 Like-Band Injection 
In the case of like-band tunneling, carriers tunnel from the conduction (valence) 
band of one electrode to the conduction (valence) band of the opposite electrode. 
Heterostructures fabricated for like-band tunneling commonly use identical layers for both 
electrodes, although like-band tunneling can be achieved using an asymmetric structure. 
When high quality materials are used with limiting scattering, tunnel current across the 
structure is dictated by momentum conservation. By applying a bias across the structure, 
the bands of each electrode align in both energy and momentum space, yielding a large 
increase in tunnel current that arises due to the momentum conservative tunneling that is 
enabled. Further increasing the bias misaligns the bands, eliminating momentum 
conservative tunnel pathways, reducing the current and resulting in a NDR peak146. It is 
important to note that the NDR observed in a like-band tunneling structure is solely due to 
momentum conservative tunneling, as opposed to the Esaki NDR behavior that arises due 
to a density of states effect. 
NDR behavior has been demonstrated numerous times, commonly using graphene 
electrodes with hBN interlayers26-27, 147. In these studies, exfoliated flakes of graphene and 
hBN were assembled into a heterostructure on a thick hBN substrate in order to mitigate 
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any influence of the underlying SiO2. NDR peak-to-valley ratios of up to 4 were observed 
at room temperature, although the authors note significant variation device to device. 
Similar experiments using CVD synthesized graphene did not exhibit NDR, indicating that 
material, interface, and substrate quality strongly impact device behavior148.  
Theoretical calculations have indicated that TMDs are better suited for symmetric 
TFET structures that exhibit NDR25. Specifically, the peak-to-valley ratios are predicted to 
be larger while also exhibiting sharper peaks with smaller FWHMs when compared to 
similar graphene-based TFETs. However, despite this prediction, the experimental 
realization of momentum conservative NDR has not yet reached the predicted 
performance. Although room temperature NDR has been demonstrated, the peak-to-valley 
ratios and peak FWHMs are comparable to similar graphene-based structures149. The 
discrepancy between calculation and experimentation further emphasizes that material 
quality and interfacial cleanliness plays an extremely important role in resulting device 
performance. 
Heterostructures predicated on like-band carrier injection can also be designed to 
operate without tunneling restraints. The inherent band offset in asymmetric TMD 
heterostructures (for example MoS2/WSe2) has been exploited to demonstrate rectifying 
behavior66, 72-73. An important consideration in designing these heterostructures is whether 
lateral transport through the TMD layer is desired. When the heterostructure is contacted 
such that the metal contacts are laterally offset from the active area of the device (where 
the TMDs overlap), the device performance is influenced (and potentially limited) by the 
in-plane conductivity of the TMD film, resulting in poor rectification behavior73. 
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Conversely, devices that are purely vertical exhibit stronger rectification and are not as 
limited by TMD quality and in-plane resistivities72. 
1.5.5 Metal-TMD-Metal Heterostructures 
Recently, interest in metal/TMD/metal heterostructures has arisen due to the 
structure’s promise for memory select devices21. A rendering of the device architecture is 
shown in Figure 1.5 (a). This structure is inherently simple and is described only by vertical 
transport across the TMD in the out-of-plane direction; in this architecture, no lateral 
transport occurs through the TMD interlayer. The lack of in-plane conduction through the 
device potentially mitigates material quality effects that normally degrade device 
performance150. As such, the lateral conductivity of the TMD is inconsequential. 
 
Figure 1.5. (a) A schematic of the metal/TMD/metal vertical heterostructure. (b) Id - Vds 
characteristics for a variety of different TMDs and TMD thicknesses. The nonlinearity 
(NL) is shown as a function of the current at V and V/2. Reprinted with permission from 
Zhang, F.; Zhu, Y. Q.; Appenzeller, J., Novel Two-Terminal Vertical Transition Metal 
Dichalcogenide Based Memory Selectors. IEEE Device Res Conf 2017. Copyright 2017 




The operation of the metal/TMD/metal heterostructure is predicated on the 
injection from the metal into the semiconductor. When a bias is applied across the structure, 
three injection mechanisms dictate the total current across the device: direct tunneling, 
Fowler Nordheim (FN) tunneling, and thermionic emission (TE). When the TMD 
interlayer is greater than ~3 nm, direct tunneling is mitigated148, 151, and therefore current 
flows across the device via electron (hole) injection in the conduction (valence) band of 
the TMD, either via TE or FN injection. 
 Because the operation of this device structure depends on the injection of carriers 
at the metal/TMD interface, the Schottky barrier at this interface dictates device behavior. 
At low voltages, the Schottky barrier remains large enough that minimal carriers are 
thermally injected into the semiconductor, and the resulting current density is low. When 
larger voltages are applied, the Schottky barrier thins due to band bending, and FN 
tunneling is enabled giving rise to a large on-state current152. Of note, only one of the two 
metal/TMD interfaces dictates device behavior, because due to band bending the interface 
where carriers eject from the TMD has much smaller ejection barriers than the injection 
barriers at the injection interfaces. Consequently, the current density across the structure is 
dominated by the injection interface and minimally influenced by the ejection interface. 
Theoretically, by selectively choosing TMD and metal pairings, the Schottky barrier at the 
metal/TMD interface can be tuned to yield low off-state currents with sufficient on-state 
currents to maximize the on/off ratio of the device. 
The ability to tune the device performance by selecting different metal/TMD 
combinations is illustrated by the current-voltage characteristics of metal/TMD/metal 
heterostructure devices shown in Figure 1.5 (b). In this case, the gold contacts yield 
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different injection behaviors for different TMDs and TMD thicknesses. In particular, WSe2 
appears to exhibit the strongest nonlinearity, determined by the ratio of the current density 
at a voltage V and V/2. 
With the recent work on low-temperature synthesis of TMDs (which will be 
discussed in more detail later), memory select devices have risen as a promising application 
for metal/TMD/metal heterostructures. In a cross-point memory architecture, each memory 
element requires a select device in series that regulates current for read and write 
commands153. This select device must exhibit strong non-linearity, operate in both 
polarities, require low switching power, and have high write endurance. Additionally, to 
fully maximize the potential of the cross-point architecture, these select devices must be 
able to integrate into a vertical 3-dimensional array. 
One such solution to this design constraint is the use of TMD heterostructures in a 
steep slope architecture22. The nearly infinite theoretical subthreshold swing of a TMD 
tunneling FET suggests that the device architecture would be well suited for select 
applications. However, with the current state of TMDs that can be synthesized, the steep 
slope operation of these devices has not yet been realized. 
Recently, select behavior has been demonstrated using a simple metal/TMD/metal 
heterostructure using exfoliated TMD flakes21. In these structures, the Schottky barrier 
between the metal and semiconductor is theorized to regulate carrier injection, yielding 
non-linear behavior. This study found WSe2 to exhibit the best select behavior, which is 
hypothesized to be due to the difference in barrier heights at the interface between the 
various contact metals and TMD layers154. The performance of the selectors is comparable 
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with other select architectures including oxides, silicon, and metal-insulator-transition 
materials155. The combination of the potential for BEOL integration and likelihood of TMD 
selector performance indicates that select devices are a promising entrance point for TMD 
materials into industrial processes. 
 
1.6 Fermi Level Pinning at Metal/TMD interfaces 
One important factor of any electronic device is the contact metal/2D material 
interface. A number of studies have investigated the characteristics of the metal/2D 
interface as a function of various properties such as metal work function and defect 
structure in the 2D film. For example, when a metal is deposited onto a layer of graphene, 
the work function of the graphene mirrors the metal156. In turn, the contact resistance of 
graphene FETs changes with differing contact metal selection. In the case of TMDs, careful 
selection of contact metals can yield both n- and p-type behavior in the film129. As low 
contact resistances are typically desired, understanding what metals yield ohmic contact 
behavior for different materials is a significant portion of the 2D materials field. 
This interface has been investigated in detail for a variety of metal/TMD 
combinations. Smyth et al. demonstrated the chemical relationship between MoS2 and 
various contact metals using X-ray photoelectron spectroscopy (XPS)157. In this study, 
scandium and chromium metals interact with MoS2 with significant covalency, resulting 
in metal sulfide species at the interface. In contrast, gold yields a predominantly van der 
Waals interface, as minimal chemical interaction between the gold and MoS2 was 
observed. Additionally, the ambient environment during metal deposition influences the 
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resulting interfacial chemistry. At relatively high deposition pressures, partial oxidation of 
some metals occurs at the interface, which also influences the interaction of the interface. 
These differences in chemical interaction at the metal/MoS2 interface suggest that different 
metals and metal qualities result in different carrier injection behavior, subsequently 
modifying device performance. 
A critical phenomenon that results from the metal/TMD interface is Fermi level 
pinning. Gong et al. have performed DFT calculations to investigate the electronic behavior 
at the metal/MoS2 interface
158. Their calculations suggest that even in the case of pristine 
materials, interactions between the d orbitals of the metal and molybdenum result in an 
interfacial density of states and a reduction of the metal’s work function at the interface. 
The interaction also partially pins the Fermi energy of the MoS2, resulting in a spread of 
MoS2 Fermi energies ranging over 1 eV for the different metals. The change in the TMD’s 
Fermi level and the metal’s work function influences the effective barrier height at a 
metal/TMD interface, which in turn alters injection behavior159. Contact geometries can 
also be used to improve electron injection, where edge contacts result in improved injection 
efficiencies, especially so for multi-layer TMD devices. 
This predicted pinning behavior has recently been corroborated experimentally. 
Although the Mott model predicts that the effective barrier height at a metal/semiconductor 
interface solely depends on the metal’s work function and the semiconductor’s electron 
affinity, Fermi level pinning adds interface states that induce a deviation from the Mott 
model160. When the Fermi level is strongly pinned, the resulting effective barrier height is 
minimally dependent on the metal’s work function and is dominated by the charge 
neutrality level of defect states in the bandgap. By probing the effective barrier height of 
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different metals contacted to MoS2, a pinning factor can be extracted that describes the 
strength of the Fermi level pinning. This effect has been demonstrated in a variety of 
TMDs, where different TMDs exhibit stronger pinning behavior when coupled to a given 
metal160. 
When defects are introduced into the film, additional gap states are be introduced 
into the MoS2, resulting in stronger pinning effects. Chalcogen vacancies have been 
demonstrated experimentally to significantly increase the pinning strength at the 
metal/TMD interface161-162. As discussed previously, chalcogen vacancies introduce gap 
states into the TMD. These gap states are susceptible to interaction with the adjacent 
metal’s d orbitals, which can pin the Fermi energy at the gap state energy. Local current-
voltage measurements performed using conductive AFM can be used to locate individual 
sulfur vacancies, as shown in Figure 1.6 (a)162. By sweeping a bias across the AFM tip, the 
resulting current-voltage characteristics yield effective barrier heights; by measuring the 
current at both pristine and sulfur vacancy sites of the MoS2, a comparison of the pinning 
factor at defective and pristine sites can be achieved, which show a lower pinning factor 
(indicating stronger pinning) at defect sites162. In addition, the effective barrier height at 
the defect site reduces by almost 0.2 eV as shown in Figure 1.6 (b), suggesting the Fermi 
level is pinned to near-conduction band gap states that result from sulfur vacancies162. This 
pinning effect has also been observed using ultraviolet photoelectron spectroscopy (UPS), 
where the work function of the MoS2 at the metal/MoS2 interface is dependent on the work 




Figure 1.6. (a) cAFM image of a MoS2 surface. The black dots correspond to sulfur 
vacancies. (b) The effective barrier height between the MoS2 and a metallic PtSi cAFM tip 
as a function of position, corresponding to the inset cAFM map. Reprinted with permission 
from Bampoulis, P.; van Bremen, R.; Yao, Q.; Poelsema, B.; Zandvliet, H. J. W.; 
Sotthewes, K., Defect Dominated Charge Transport and Fermi Level Pinning in 
MoS2/Metal Contacts. ACS Appl. Mater. Interfaces 2017, 9 (22), 19278-19286. Copyright 
2017 by the American Chemical Society162. 
 
The pinning strength and resulting metal work function, which dictate the effective 
barrier height at the interface, are also influenced by a variety of other properties164-166. A 
number of studies have demonstrated both theoretically (via ab initio methods) and 
experimentally, for an array of metals and TMD, that the extent of adsorption between the 
metal and semiconductor, the metal’s crystal structure, and many electron effects due to 
charge transfer all significantly influence the injection characteristics at the interface. In 
addition, these studies show that the number of TMD layers also impact injection efficiency 
at the interface, which becomes particularly relevant when exploring vertical 
heterostructures of few- to many-layered TMDs. 
 A large number of electronic applications require precise control of the electronic 
structure at the TMD/metal interface. Although decreasing contact resistance by improving 
34 
 
carrier injection efficiency is one of the most common concerns of the TMD/metal 
interface, certain device architectures exploit the injection interface as the regulating 
mechanism for device operation21. While Fermi level pinning is not necessarily a negative 
effect, understanding the mechanisms that give rise to pinning and learning how to control 
pinning behavior is critical for implementing TMDs in electronic device applications. 
 
1.7 Radiation Effects in 2D Materials 
Radiation behavior and its negative effects on solid state devices have been a focus 
of research for over 40 years167-169. When exposed to ionizing radiation, unwanted defects 
and charge carriers can be introduced, decreasing device performance and even causing 
device failure. These effects are particularly relevant in space and nuclear environments. 
With the recent interest in 2D materials for electronics applications, various studies have 
explored the effect of ionizing radiation on 2D materials in order to understand the 
radiation response of 2D-based devices. Due to the characteristic low dimensionality of 2D 
materials, their inherent atomic scale implies significant potential for extremely radiation-
resistant electronics. 
1.7.1 Irradiation of TMDs 
A number of studies have explored the effect of electron, ion, and X-ray irradiation 
on TMD films170-178. Exposure to high energy electrons induces significant degradation in 
TMDs, as observed by TEM173-174. Some studies explored using graphene sheets as 
protective layers to mitigate the radiation damage done to the MoS2. Interestingly, 
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graphene films placed below the MoS2 layer resulted in better protection than graphene 
placed above; this goes against general intuition, where it would be assumed that a 
protective barrier above the MoS2 would reduce the knock-on cross section of the MoS2 
179-180. This result suggests that the underlying graphene prevents sulfur atoms from 
ejection, preserving the MoS2 quality. As stated previously, these sulfur vacancies 
introduce defect states into the bandgap, so preserving the physical structure of the film is 
crucial for electronic applications in radiative environments.  
Reports in the literature have used Raman spectroscopy to investigate the 
degradation of MoS2 films exposed to ionizing radiation. When exposed to high energy 
electrons, the peak separation between the A1g and E
1
2g peaks increases, with the E
1
2g peak 
experiencing a red shift, indicative of strain within the film170. With increasing sulfur 
vacancies, the restoring force of the in-plane E12g phonon node decreases, whereas the A1g 
out-of-plane phonon node experiences a combination of sulfur vacancies reducing the 
vibrational restoring force along with an overall decrease of the film’s mass, increasing the 
vibrational restoring force. DFT calculations of the phonon energies as a function of sulfur 
vacancy concentration agree well with experimentally observed Raman spectra. These 
results indicate that Raman spectroscopy can be used as an effective yet simple tool to 
monitor defect response of MoS2 exposed to electron irradiation. 
Similarly, a number of reports demonstrate that proton irradiation of TMDs 
decrease resulting device performance171, 175, 181-182. This irradiation also appears to effect 
electron and hole conduction differently, where He+ irradiation suppressed hole transport 
significantly compared to electron transport in WSe2 films
175. Additionally, trapped charge 
can accumulate at the MoS2/SiO2 interface, which act as scattering sites that decrease 
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electron conductivity. Raman measurements do not show significant changes in the spectra 
of the MoS2 itself, suggesting the majority of the device degradation comes from the 
generation of oxide and interface trap states171. 
Conversely, TMDs appear to be relatively resilient to X-ray irradiation, where 
device performance does not degrade significantly with X-ray exposure172. After exposure 
to irradiation doses of 1,500 krads, the on/off ratio and subthreshold slope of MoS2 devices 
remain unchanged. However, with each X-ray exposure, a small positive threshold voltage 
shift was observed due to negative charge trapping in the underlying oxide. The physical 
structure of the MoS2 was not modified, evidenced by no significant changes to the Raman 
spectra. 
1.7.2 Irradiation of Graphene 
In contrast to TMDs, graphene has been demonstrated to be susceptible to 
degradation when exposed to X-Rays. This can be observed by an increase in the D peak 
intensity in the Raman spectrum, indicative of an increase in defect density183-185. The 
charge neutrality point (CNP) in graphene FETs shifts, and the resistivity of the film 
increases186. This effect is somewhat reversible by annealing the film in vacuum at 350 oC, 
likely due to desorption of oxygen atoms from the graphene surface. 
It is important to note that the low energy of the X-Rays used eliminates the case 
of direct displacement damage of carbon atoms. This implies that there is a secondary effect 
that degrades the film, which is corroborated by no degradation observed when exposed to 
X-Rays in vacuum. These results indicate that the surrounding environment strongly 
influences the radiation effects of graphene films. 
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Pantelides et al. performed DFT calculations on the oxygen/graphene interaction, 
and demonstrate different pathways that oxygen can desorb from the graphene surface 
either destructively or non-destructively184, 187. These pathways consist of oxygen forming 
either O2 or an OH
- radical when desorbing non-destructively, or pulling carbon from the 
graphene film to form CO or CO2 in a destructive manner. Hydrogen can mitigate the 
degradation of graphene by increasing the amount of oxygen desorbing as a hydroxyl. 
Because the surrounding environment significantly influences the radiation 
response of graphene films, insulating the graphene from the environment should reduce 
the radiation response when exposed to X-Rays. When encapsulated with hBN, graphene 
FETs exhibit minor response to ionizing X-Rays, although electron and hole trapping 
mechanisms are still present at different ionization doses188. 
A similar degradation of a graphene channel, both physically and electrically, is 
observed when exposed to high energy electrons189-190. When exposed, the D peak intensity 
in the Raman spectrum increases, indicating an increased disorder within the film. Further 
exposure leads to a decrease in D peak, at which point the film loses its graphitic nature 
and transitions to amorphous carbon. Current-voltage characteristics support this result, 
where sheet resistance increases with increasing exposure, where eventually the sheet loses 
all conductivity and becomes an insulator. 
Similar effects are observed in graphene that is exposed to ion irradiation191-193. 
Raman measurements show an increase in D peak intensity, and FETs exhibit a CNP shift. 




CHAPTER 2. GOALS AND ORGANIZATION OF THIS THESIS 
2.1 Goals 
While significant work has been performed to demonstrate the viability of 
numerous applications of TMD heterostructures, the majority of these studies utilized 
TMD materials obtained using non-scalable methods. Although efforts to develop low 
temperature synthesized TMD films demonstrate feasibility, the impact of the resulting 
lower quality on electronic device performance has not yet been explored in detail. 
Therefore, the goals of the work presented in this dissertation are (i) develop a low-
temperature synthesis process for TMDs on arbitrary substrates and understand the 
fundamental reaction mechanisms driving the synthesis (ii) realize an understanding for 
how material quality (defects, grain boundaries, etc.) influence electronic performance (iii) 
understand how various forms of radiation generate defects and influence device 
performance of 2D heterostructures (iv) elucidate how wafer-scale quality of TMDs 
impacts Fermi level pinning strength at the TMD/metal interface. These goals will be 
achieved through synthesis process optimization for TMDs and TMD heterostructures in 
order to generate a variety of device architectures, which will subsequently be 







CHAPTER 3 introduces a wet transfer process that is commonly used in 2D 
materials research and discusses common issues involved with the transfer process. In 
addition, the limitations in what cleaning methods can be used to remove polymeric 
contaminants is discussed. Graphene is used as an example, where AFM and XPS are used 
to show the difficulty of removing both photoresist and Poly(methyl methacrylate) 
(PMMA) residues from various process steps. Efficiently cleaning the graphene film 
requires cleaning processes that induce damage into the film, indicating the importance to 
minimizing the number of process steps involving polymeric layers. Electrical 
measurements demonstrate the effect of these polymeric residues, where significant doping 
and hysteresis are observed in contaminated graphene devices. 
Error! Reference source not found. revolves around developing and optimizing 
a low temperature synthesis process for MoS2 on SiO2 substrates using a plasma assisted 
technique. The influence of the molybdenum initial film composition on resulting MoS2 
film quality is explored using a fully in situ synthesis process, where molybdenum 
deposition and subsequent sulfurization are performed without breaking vacuum. Although 
oxidized initial films thermodynamically react more favorably with H2S, metallic initial 
films are found to yield higher quality MoS2. In addition, layer-by-layer cyclic synthesis is 
found to result in higher quality films exhibiting good uniformity while enabling precise 
thickness control. Two-terminal device structures are measured, which indicate that 
variable range hopping dominates lateral conduction. High temperature post-synthesis 
anneals were performed to induce structural and chemical changes into the films, which 
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were then correlated to changes in in-plane conductivity. Specifically, grain size was found 
to be the biggest limiter of in-plane conduction. 
CHAPTER 5 takes the synthesis process discussed in CHAPTER 4 and optimizes 
it for synthesis on gold substrates. Performing the synthesis with metallic initial 
molybdenum films results in minimal MoS2 synthesis, in contrast to results for films 
synthesized on SiO2. Conversely, oxidizing each molybdenum layer prior to sulfurization 
yields strong MoS2 Raman and XPS signals. The substrate’s effect on synthesis is 
discussed from the perspective of the thermodynamics of the sulfur interactions with both 
the substrate and molybdenum layers, where substrates that interact more strongly with 
sulfur require oxidizing each molybdenum layer to favor the molybdenum/sulfur 
interaction. Purely vertical heterostructures are fabricated in order to mitigate the 
limitations of in-plane hopping conduction. Architectures with and without tunnel barriers 
are investigated, which demonstrate switching and tunneling behaviors, respectively. 
 CHAPTER 6 discusses the radiation response of two heterostructure device 
architectures to understand various defect effects on device performance, both of which 
utilize MoS2 synthesized at low temperature directly on gold substrates. The first study 
investigates the radiation response of passivated graphene FETs. Hydrogen and oxygen 
complexes at the graphene/dielectric interface are found to induce device degradation, as 
determined from low frequency 1/f noise measurements. The degradation is found to be 
reversible by high temperature annealing, indicating that no permanent physical damage is 
done to the devices. The second radiation study utilizes the tunneling structures discussed 
in CHAPTER 5. Two different interlayer dielectrics are used, Al2O3 and HfO2, which 
provide differing work functions and oxidation states. When exposed to increasing proton 
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fluences, the Al2O3 interlayer devices exhibit and shift in the FN threshold voltage, whereas 
the HfO2 interlayer devices do not. DFT calculations are performed, which reveal the defect 
energy states introduced from passivated an unpassivated oxygen vacancies. The defect 
states introduced by passivated oxygen vacancies in Al2O3 align closely in energy with the 
MoS2 conduction band, suggesting that trap assisted tunneling is enabled when these 
defects are induced via proton irradiation. Both of these experiments highlight the 
importance of intelligently selecting complementary materials in these heterostructure 
devices. 
CHAPTER 7 expands upon CHAPTER 4 using the low temperature synthesis 
process to grow WS2 films. WS2 is successfully synthesized at 400 
oC onto SiO2 substrates, 
which is confirmed through Raman and XPS. As both MoS2 and WS2 films can be 
synthesized, MoS2/WS2 heterostructures are directly synthesized. Raman and XPS confirm 
the presence of both materials in the structures, and PL suggests a typical type II band 
alignment at the heterojunction. Purely vertical devices are fabricated from the 
heterostructures, which do not exhibit rectifying behavior. The temperature dependence of 
the FN threshold voltage is observed, which indicates that the Fermi level and associated 
gold contact work functions are strongly pinned to defect states in the TMD band gaps, 
enabling direct electron injection into the MoS2 conduction band. 
 CHAPTER 8 reports on the effect of wafer scale MoS2 material quality on Fermi 
level pinning at the MoS2/metal interface. MoS2 films synthesized at differing temperatures 
are used to create metal/MoS2/metal heterostructures, in order to explore the temperature 
dependence of the electron injection mechanisms from metal into MoS2. Different contact 
metals are used to yield interfaces with different effective barrier heights. Device models 
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are used to extract the effective barrier height at different metal/MoS2 interfaces. UPS 
measurements are used to obtain the work function of each metal/MoS2 interface, and XPS 
is used to understand the extent of covalency at each interface. In particular, gold was found 
to exhibit a significant covalency with low quality MoS2, resulting in significant pinning 
behavior at the gold/MoS2 interface. Conversely, platinum exhibited inert behavior when 
coupled to MoS2, resulting in defect-independent Fermi level pinning behavior. 
 CHAPTER 9 contains a summary of the work presented in this thesis, as well as 
suggestions for further work to continue these experiments. This future work includes 
further optimization of low temperature synthesis on additional substrates, achieving 
device behavior that is not limited by in-plane conduction effects, expanding synthesis to 
selenide TMD systems, further exploring the radiation resistance of additional 
heterostructures, and investigating Fermi level pinning effects at interfaces of different 
metals with lower work functions coupled to differing TMDs. 
 APPENDIX A includes details and specifications on the synthesis and 
characterization tools used in this thesis work. In addition, details on the device modelling 
performed in CHAPTER 3 and CHAPTER 8 is provided. 
The project or effort depicted in this work was sponsored by the Department of the 
Defense, Defense Threat Reduction Agency, contract #HDTRA1-16-1-0032. The content 
of the information does not necessarily reflect the position or the policy of the federal 




CHAPTER 3. EFFECTS OF POLYMERIC RESIDUES ON 2D 
MATERIALS 
One key issue that limits 2D materials from being fully integrated into industrial 
CMOS processes is the requirement and effects of polymer-based processes. Standard 2D 
fabrication processes utilize various polymeric films, whether as photolithographic resists 
or structural support layers for transfer steps. These polymer layers are difficult to 
completely remove and commonly leave residues and contaminants behind194. In 
traditional CMOS processes, these residues are easily removed using plasma or ashing 
steps. However, due to 2D material’s atomic nature, they are extremely sensitive to these 
cleaning steps, as they often result in defect generation in the 2D film195-196. Other cleaning 
methods such as electric current annealing197 or chloroform treatments198 have been 
explored with limited success. A such, this chapter will overview the influence of 
polymeric residues on graphene films to demonstrate the sensitivity of 2D films to foreign 
contaminants. 
An essential component of microfabrication techniques is photoresist, used to 
pattern features on a microfabricated chip. Fabricating a graphene FET commonly involves 
a two-level mask process, where the channel and contacts are patterned separately199. When 
defining the channel, photoresist is patterned to cover only the channel area, leaving all 
unwanted graphene exposed. The sample is then exposed to an oxygen plasma to etch away 
the exposed graphene, whereupon the remaining resist is stripped using a solvent, leaving 
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patterned graphene channels. However, the oxygen etch process heats the sample, curing a 
small layer of photoresist on top of the graphene. 
Figure 3.1 (a) shows an AFM image of a monolayer graphene channel covered with 
cured Microposit s1813 photoresist residue, where the dark edges on the left and right 
correspond to the SiO2 substrate and the central rectangle corresponds to the channel. Three 
traces are shown, which correspond to the topography profiles shown in Figure 3.1 (b). 
Inspection of the topography profiles in Figure 3.1 (b) reveals a step height of 
approximately 10 nm between the substrate and channel. In the monolayer, graphene has a 
thickness of 0.4 nm200, 50 times thinner than the measured step height. This residue can 
significantly influence device performance, especially in the case of heterostructure 
architectures, where ultraclean interfaces are required for optimal device performance149. 
 
Figure 3.1. (a) AFM image of a patterned graphene channel with photoresist residue. The 
black, red, and green traces correspond to the topography profiles shown in (b). The height 




 In order to prevent the photoresist from curing onto the graphene during plasma 
etching, HMDS was spun onto the graphene prior to s1813 photoresist. HMDS is 
commonly used as an adhesion layer, and in this case acts as an interlayer between the 
photoresist and graphene film to mitigate curing effects caused by heating during plasma 
etching. Figure 3.2 shows an AFM image of the edge of a graphene channel that was pre-
treated with HDMS prior to s1813 photoresist deposition. The left region of the image 
corresponds to the graphene channel, and the right side corresponding to the underlying 
SiO2. The step height between the graphene and substrate appears to be significantly 
reduced, resulting in an average height difference of only 1.2 nm in the lower portion of 
the image. However, inspection clearly shows a large number of remaining particulates 
and contamination, notably at the channel’s edge in the upper half of the image. 
 
Figure 3.2. AFM scan of a graphene FET pre-treated with HMDS. The left side of the 
image corresponds to the edge of the graphene channel, and the right side of the image 
corresponds to the SiO2 substrate. 
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Prior to patterning the graphene channel, the graphene must be moved from its 
synthesis substrate (in this case copper foil) to the target SiO2 substrate. This is commonly 
achieved by using a standard wet transfer process, in which PMMA is spin-coated onto the 
graphene to provide structural support during the transfer step and is removed at the end of 
the transfer process using acetone15. However, fully removing the PMMA is difficult, as 
some amount of residue is commonly left behind. It is likely then that the particulates seen 
in Figure 3.2 are remnants of the PMMA film that was used to transfer the graphene onto 
the SiO2. 
To verify the source of the particulates in Figure 3.2, XPS was performed on the 
graphene film. A strong satellite peak is present at 289 eV, corresponding to the carbon-
oxygen double bond that is characteristic in PMMA201-202. The PMMA residue present on 
the graphene film has been shown to negatively influence device performance by doping 
the film and decreasing mobility202. Additionally, any residue will prevent the formation 
of ultra-clean interfaces in heterostructure architectures. As such, its removal is imperative 




Figure 3.3. C 1s XPS spectrum of the HDMS pre-treated graphene film shown in Figure 
3.2. The peak at 289 eV is highlighted as the PMMA peak. 
 
 To remove the remaining PMMA residue, the patterned graphene film was 
submerged in Microposit 1165 resist remover for 20 seconds. Figure 3.4 (a) shows an AFM 
image of the graphene channel exposed to 1165 resist remover, with the left half of the 
image corresponding to the graphene channel and the right half corresponding to the 
underlying SiO2. The number of particulates is drastically reduced, and the edge of the 
channel exhibits a step height of only 0.59 nm, further approaching the theoretical 0.4 nm 
predicted step height. However, there are still a significant number of large particulates 
remaining. Additionally, the channel is visibly torn near the top (and to a lesser extent the 
bottom) of Figure 3.4 (a), suggesting that the 1165 resist remover aggressively attacks the 
residue to the point that it begins lifting the graphene off of the substrate. Due to the 
fragility of the graphene channel, further exposure to 1165 resist remover was avoided. 
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Figure 3.4 (b) shows the C 1s XPS spectra of the graphene channel exposed to 1165 resist 
remover. The characteristic PMMA peak present at 289 eV has significantly reduced in 
intensity, corroborating the results shown in Figure 3.4 (a) that the amount of PMMA 
residue has in fact decreased. 
 
Figure 3.4. (a) AFM image of a graphene channel exposed to 1165 resist remover. The left 
half of the image corresponds to the graphene channel, and the right half corresponds to 
the underlying substrate. (b) C 1s XPS spectra for the graphene film exposed to 1165 resist 
remover, which exhibits a noticeably weaker PMMA satellite peak. 
 
  To determine the effect of the PMMA residue on the electrical performance of the 
films, the graphene FETs were electrically characterized. Two different samples were 
measured, one that was exposed to 1165 resist remover and one that was held as a control. 
The transfer curves for two representative devices, one from each sample, are shown in 
Figure 3.5. Three different effects can be observed from the two different sample’s 
electrical characteristics. First, a large hysteresis is present in the control sample, whereas 
the sample with less contamination exhibits minimal hysteresis. Second, the position of the 
CNP (or Dirac point) of the contaminated sample is significantly further from 0 V, 
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indicating that the graphene is significantly doped202. Third, the mobility of the clean 
graphene FET, extracted using the slope of the transfer curve203-204, is significantly higher 
than the contaminated sample (1,623 cm2/Vs versus 644 cm2/Vs, respectively). In all cases, 
it is evident that the PMMA residue significantly reduces the electronic quality of the 
graphene devices. 
 
Figure 3.5. Transfer curves for two graphene FETs, one device exposed to 1165 resist 
remover (black curve/axis) and one control device (blue curve/axis). Significant hysteresis 
and doping are observed in the contaminated device. 
 
 The negative impact that transfer residues induce onto graphene films are analogous 
to effects of polymeric residue on TMD films205-206. While a number of studies have 
explored various cleaning and transfer techniques to mitigate the amount of residual 
polymer on 2D films, these techniques may damage the 2D film itself and inherently 
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include inconsistencies from experiment to experiment. Therefore, developing processes 
that remove the need for a dedicated transfer step would more effectively preserve the 
cleanliness of the as-synthesized film, preventing contamination effects from degrading 





CHAPTER 4. OPTIMIZING LOW TEMPERATURE SYNTHESIS 
OF MOS2 
Because the transfer process of 2D materials typically leaves residues that influence 
device performance and prohibit perfectly clean interfaces, direct synthesis of 2D materials 
onto the desired end-use substrate is crucial. Although CVD67, 207-208, MBE76, 79, and thin 
film reaction68, 209 synthesis methods have demonstrated controllable synthesis of high 
quality MoS2 films, the majority of the techniques used in these studies require high 
temperatures. The high temperature requirement precludes these techniques from being 
used in BEOL processes. Plasma-assisted techniques have been investigated in order to 
reduce the required temperature for successful synthesis82, although little work has been 
done to explore the reaction mechanisms of low temperature synthesis techniques in detail. 
Therefore, this work explores the effects of various process parameters on the low 
temperature thin film reaction synthesis of MoS2. Performing the entire synthesis in a 
single vacuum environment enables strong control over different process variables, most 
importantly the initial Mo film composition. Previous thin film reaction experiments in 
literature involve depositing and sulfurizing Mo in separate environments, meaning the 
deposited Mo will oxidize when removed from the initial film’s deposition chamber. In 
contrast, this work explores the effect of initial film composition (metallic or oxidized Mo) 
on subsequent MoS2 quality. Varying initial film composition, sulfur delivery, and 
temperature provides a variety of conditions that can be used to determine reaction trends 
and mechanisms. Using a plasma-assisted thin film reaction synthesis method, nearly 
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stoichiometric MoS2 is synthesized at low temperatures from both metallic and oxidized 
Mo initials film, enabling a fundamental investigation of the initial film’s effect on low 
temperature synthesis. In order to determine the fundamental causes limiting electronic 
performance of the low-temperature synthesized materials, high-temperature anneals under 
different atmospheric conditions are performed to induce changes in film structure and 
composition. 
 
4.1 Overview of Synthesis Technique 
SiO2 (300 nm)/Si wafers were used as the substrate for low-temperature MoS2 
synthesis. Standard acetone/isopropyl alcohol solvent cleans were performed on the 
substrates prior to loading into the synthesis chamber. MoS2 synthesis was performed 
entirely in an ultrahigh vacuum (10-9 Torr) system. The sample is heated by a Veeco VA-
2-SSH substrate heater to a synthesis temperature of either 400 or 800 oC, and a liquid 
nitrogen cryoshroud is used as a cold trap to freeze out unwanted contamination in the 
growth atmosphere. The cryoshroud also thermally isolates the surrounding growth 
environment from the hot substrate, so that only the stage reaches the synthesis 
temperature. Additionally, the shroud freezes out unwanted gaseous contamination, 
ensuring a “clean” environment. Prior to deposition, the substrates were cleaned and 
pretreated at the synthesis temperature in a H2S flux or a H2S plasma. 
Initial Mo containing films were deposited onto the substrate via sputtering. The 
MBE chamber is backfilled with argon to 20 mTorr, and Mo is sputtered at 20 W from a 
metallic Mo source. The sputter duration determines the resulting metallic Mo film 
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thickness. To convert the Mo monolayers to MoOx films, the sample is cooled and moved 
out of the growth chamber into the load lock, which is then vented and exposed to 
atmosphere for 10 min, whereupon the Mo oxidizes. The sample is then moved back into 
the chamber and brought back to synthesis temperature. Sulfur is delivered via H2S, either 
as a gas or as a plasma. In the case of H2S plasma, the H2S is injected through an electron 
cyclotron resonance plasma operating at 300 W and 2.45 GHz. The flowrate of the H2S is 
8 sccm in both cases, resulting in a background pressure of approximately 10-5 Torr. 
This two-step synthesis process was repeated for cyclic synthesis. Mo films are 
sputtered for 12 s, and for the case of the MoOx, the samples are oxidized in the load lock 
after each sputter step. The initial Mo containing films are soaked in either H2S or H2S 
plasma for 15 min per cycle. This cycle is repeated to achieve the desired number of MoS2 
layers. For the cyclic synthesized samples discussed below, four cycles were performed. 
In all cases, H2S or H2S plasma is supplied while the sample is at synthesis temperature. 
 
4.2 Investigation and Optimization of Reaction Variables 
Thin film synthesis of MoS2 occurs when a Mo containing thin film is exposed to 
a sulfur containing atmosphere. When H2S is used as the sulfur source, two possible 
reactions occur based on the initial Mo film’s composition 




 MoO3(g) + 3H2S(g)  → MoS2(s) + 3H2O(g) + S(s) 4.2 
 
Heyne et al. calculated that the Gibbs free energy of eq. 4.2 is the lower of the two at 
temperatures above 200 oC and is therefore the more favorable reaction69. Previous work 
experimentally suggested this favorability between the two reactions, but to our 
knowledge, no study has been performed to distinctly compare the sulfurization 
mechanisms of metallic Mo and MoOx initial films
69. 
In order to investigate the sulfurization mechanism of Mo containing thin films, a 
matrix of three variables was formed to generate eight samples as shown in the sample key 
of Figure 4.1. Mo was sputtered for 20 s (and oxidized, if applicable), and was exposed to 
S for 15 min in order to investigate the effects of these variables. 
 Figure 4.1 (a) shows Raman spectra for the eight samples. Notably, no MoS2 
Raman signal was observed for all samples that were exposed to sulfur via H2S. We do 
note that this is in contrast with many MoS2 synthesis results in literature
60, 79, 210-212. 
However, the thin film reactions reported in literature were performed with the synthesis 
atmosphere at high temperature and pressure. In this case, the cryoshroud keeps the 
synthesis atmosphere at approximately 77 K, with only the growth substrate reaching the 
synthesis temperature. Because the synthesis atmosphere is at low temperature, the S 
precursor may not have the requisite energy for reaction until it comes into contact with 
the sample surface. When the S species reaches the surface, two competing effects take 
place: the reaction with the underlying initial Mo film, and a desorption based on the 
sticking coefficient of the H2S molecule. If the rate of desorption is higher than rate of 
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reaction, only a small amount of S will react with the film. These results indicate that 
minimal reaction occurs in this case, and additional energy is required to facilitate the 
reaction. The lack of reaction is therefore most likely due to the low environmental 
temperature. 
 
Figure 4.1. Raman (a) and XPS (b) and (c) of eight thin film synthesis conditions. The 
sample key above denotes the condition of each parameter: initial film composition 
corresponds to whether the initial Mo film was metallic or oxidized; sulfur delivery 
mechanism links whether the sample was exposed to H2S flux directly or to a H2S plasma; 
and the synthesis temperature denotes the stage temperature during synthesis. The 
combination of each of the three digits denotes the synthesis conditions (e.g., MP8 
corresponds to a synthesis of metallic Mo using H2S plasma at 800 C). The positions of the 
MoS2 and MoO3 doublets, as well as the S 2s singlet, are shown. All y-axes have arbitrary 
units. 
 
 Films synthesized at 800 oC using plasma H2S exhibit a stronger Raman response 
than their counterparts synthesized at 400 oC. Additionally, the A1g and E
1
2g peak FWHMs 
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of the 800 oC syntheses are smaller than their counterparts synthesized at 400 oC. The 
FWHMs for the four H2S plasma samples are listen in Table 4.1. Both the increase in 
Raman signal and sharper peak shape seen with higher temperature are correlated to an 
improved physical structure103, 213-214. This is consistent with the literature, where MoS2 
synthesized at higher temperatures yield higher quality resulting films68. 
Table 4.1 Raman peak FWHMs for the H2S plasma samples shown in Figure 4.1. 
Sample A1g FWHM (cm
-1) E12g FWHM (cm
-1) 
MP4 11.12 25.08 
MP8 8.2 11.4 
OP4 9.7 20.4 
OP8 9.4 19.7 
 
 Comparing MoS2 synthesized from metallic Mo initial films versus MoOx films 
yields an interesting result. The Raman peak intensity for films synthesized from MoOx 
initial films are larger than their counterparts synthesized from Mo, at 400 and 800 oC, 
respectively. This suggests that the reaction of H2S with MoOx is more favorable than H2S 
with Mo, which is consistent with literature69. However, the FWHM of the peaks from 
films synthesized using Mo are smaller than the FWHM values of films synthesized from 
MoOx (see Table 4.1). These results indicate that while MoOx is more favorable for the 
MoS2 synthesis reaction, Mo initial films yield more ordered, larger domain size MoS2 
films. Specifically, the FWHMs for the MoO3 samples suggest that the individual grain 
size is on the order of 5 nm103. 
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Figure 4.1 (b) shows the Mo 3d and S 2s XPS spectra for the films synthesized 
using the eight synthesis conditions. The Mo 3d spectra consists of five peaks: a S 2s peak 
(227 eV), a Mo 3d doublet corresponding to MoS2 (230 and 233 eV), and a Mo 3d doublet 
corresponding to MoO3 (234 and 237 eV). For all syntheses using H2S without plasma, the 
Mo 3d spectra is dominated by the MoO3 doublet. Additionally, no S 2s peak is present in 
the spectra. These results indicate that minimal sulfur integrated into the film. This is 
consistent with the Raman results from Figure 4.1 (a), where all thermal H2S sulfur delivery 
films show no Raman signal. However, the two films synthesized from MoOx using 
thermal H2S do show a slightly larger MoS2 contribution to the Mo 3d spectra, suggesting 
again that MoOx is more reactive than metallic Mo. In contrast, all films synthesized using 
H2S plasma show significant MoS2 contribution, the presence of the S 2s peak, and minimal 
MoOx contribution to the Mo 3d spectra. These results indicate that S effectively 
incorporated into the initial Mo containing films, yielding MoS2. This result is consistent 
with the Raman results from Figure 4.1 (a) as well. 
 The S 2p XPS spectra for the eight synthesis conditions are shown in Figure 4.1 
(c). Similar trends are observed as in Figure 4.1 (b), where films synthesized with H2S 
show minimal sulfur incorporation, with slightly more sulfur incorporation occurring in 
samples synthesized from MoOx initial films. This result also supports the assertion that 
MoOx is more reactive than metallic Mo, where reaction II (eq. 4.2) can occur more easily. 
Films synthesized using a H2S plasma show significantly stronger S signal than films 
synthesized with H2S. This further suggests that H2S plasma is required for the thin film 
reaction to occur when only the substrate is heated. 
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 Fitting the Mo 3d and S 2p XPS spectra in Figure 4.1 (b,c) yields information on 
the film’s stoichiometry. Details of XPS fitting are discussed below. Stoichiometry is 
calculated by summing the area of the S 2p spectra and the MoS2 doublet’s contribution to 
the Mo 3d spectra, and normalizing by the sulfur and molybdenum sensitivity factors, 
respectively (0.54 and 2.75). The ratio of the normalized peak areas then gives the ratio of 
S atoms to Mo atoms that are in the MoS2 chemical state. Stoichiometries for the H2S 
plasma synthesized films are as follows: MP4 – MoS1.55; MP8 – MoS1.80; OP4 – MoS1.86; 
OP8 – MoS1.78. Inspection of the stoichiometries for the 400 
oC Mo and MoOx samples 
again suggests that sulfur reacts much more favorably with MoOx than metallic Mo. 
However, at higher temperatures (800 oC), the stoichiometry of both films are close to 
identical, which suggests that the higher temperature provides sufficient energy for the less 
favorable reaction I (eq. 4.1) to occur. 
 Combining the Raman and XPS results shown in Figure 4.1, a few conclusions can 
be made. One, H2S alone is insufficient for sulfurization of a thin Mo containing film when 
only the substrate is heated. For sulfurization to occur, additional energy must be provided 
to the H2S gas, usually provided by heating the growth environment. In our case, plasma 
is used as a method of providing energy to the S precursor by ionizing the H2S into reactive 
S radicals. Other potential means to increase S reactivity include flowing the gas through 
a thermal cracker or using a more reactive sulfur source. Two, we have experimentally 
demonstrated that oxidized Mo in the form of MoOx is in fact more reactive than metallic 
Mo. The stoichiometries calculated from the XPS shown in Figure 4.1 (b,c) verify that 
sulfur can incorporate more readily with MoOx than Mo. And three, metallic Mo films 
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yield higher quality MoS2 with larger domain sizes, indicated by the FWHM values of the 
Raman peaks, listed in Table 4.1. 
 
4.3 Cyclic Synthesis Using Metallic Mo Films 
The results of section 4.2 demonstrate that sulfur delivery via H2S plasma is 
required for sulfur incorporation at low temperatures when only the substrate is heated. In 
an attempt to improve quality of the films synthesized at low temperatures, syntheses were 
segmented into shorter, repeated cycles at 400 oC. Four growth cycles involving a 12 s Mo 
sputter deposition followed by a 15 min H2S plasma soak were performed. The Mo sputter 
time determines the thickness of the initial Mo film. For our sputter conditions and MBE 
geometry, a 12 s sputter time results in approximately one monolayer of Mo atoms on the 
growth substrate. Assuming one monolayer of Mo atoms converts to a single layer of 
MoS2, a given number of cycles during synthesis should result in as many layers of MoS2. 
To determine film thickness, a step edge was created on synthesized films. To 
generate the step edge, a square of few-nanometer thick PMMA was transferred onto a 
portion of the film using a standard wet transfer process. The PMMA was then pulled off 
of the MoS2 film, stripping the underlying MoS2 with it. Figure 4.2 shows AFM taken 
across the step edge of a film synthesized using four cycles. The area on the upper left 
corner of the film represents the underlying SiO2, with the MoS2 film occupying the lower 
right 3/4 of the image. The inset graph shows a topographical trace across the step edge, 
corresponding to the white arrow. The step height of the film is approximately 2.9 nm, 
which is consistent with four stacked 0.7 nm individual MoS2 layers. In the case of a three-
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cycle growth process, the measured step edge was 2.15 nm (not shown), which is consistent 
with three-layer MoS2. These results suggest that film thickness can indeed be controlled 
by choosing the number of cycles during synthesis. 
 
Figure 4.2. (a) AFM scan across the edge of a cyclic 400 oC synthesized MoS2 film. The 
scan area is 10 x 10 µm. The inset corresponds to the white arrow trace across the edge of 
the film. The extracted film thickness of 2.91 nm is consistent with four-layer MoS2. (b) 
Optical image of a 2 x 2 inch synthesized film, exhibiting good uniformity. The discolored 
dot on the right is due to the placement of a setting pin during synthesis. 
 
 The film itself is atomically smooth, having an RMS roughness value of 0.352 nm, 
nearly identical to that of the underlying SiO2. Additional scans taken away from the step 
edge (not shown) yield similar features and RMS roughness values. This implies that the 
film is locally uniform, and does not contain areas of inhomogeneity or delamination from 
the substrate69. Figure 4.2 (b) (inset) shows an optical image of a 2 x 2 inch film synthesized 
on an SiO2/Si wafer. The film exhibits good color uniformity, suggesting that there are no 
significant variations in film thickness or largescale defects. Additionally, no isolated 
domains are visible, indicating that the film has totally coalesced. 
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 To verify the thickness of the film measured via AFM, Raman was performed at 
various points across the three and four-layer films. A representative spectrum for each 
film is shown in Figure 4.3 (a). For MoS2, the peak separation between the A1g and E
1
2g 
can be used to determine film thickness215. A separation of 24.2 cm-1 is consistent with 
literature values of Raman measured on four-layer MoS2, while the separation of 23.3 cm
-
1 is consistent with three-layer MoS2. Both the AFM step height and Raman peak separation 
for both films indicate that cycling growth steps allows for precise control on resulting film 
thickness. In theory, any number of planar layers can be synthesized sequentially by 
performing additional growth cycles. 
 
Figure 4.3. (a) Representative Raman spectra for a four and three cycle synthesized films, 
shown in arbitrary units (a.u.). Arrows denote peak separation. (b) Peak separation for the 
four and three cycle synthesized films taken at 15 points across the sample. The low 
deviation indicates high thickness uniformity for both samples. (c) A1g and E
1
2g peak 
FWHMs for the four-cycle synthesized film. Low deviation for both peaks indicates 




 Figure 4.3 (b) shows the peak separation of 15 points across the four- and three-
layer 2x2 inch films. The small deviation in peak separation for both samples indicate that 
the film thicknesses are homogeneous and consistently four and three layers across the 
entire samples, respectively. The Raman peak widths for the four-layer film at the same 15 
points are shown in Figure 4.3 (c). Similarly, the small deviation in both A1g and E
1
2g peak 
widths suggest that the film’s atomic structure and grain size are globally homogenous68. 
Similar deviations are seen in the three-layer sample (not shown). 
 Comparing the Raman peak width in Figure 4.3 (c) with the widths of the highest 
quality equivalent-thickness single step synthesis in Figure 4.1 (a) shows that the films 
synthesized in a cyclic process have sharper peaks, indicating improved domain size and 
atomic structure. This supports the idea that slowing down the growth by cyclic synthesis 
helps improve quality. To validate this assertion, PL was measured on both a four-layer 
cyclic synthesized film as well as an equivalent thickness single step synthesized film. Five 
PL spectra are shown for each sample in Figure 4.4. Both the A and B exciton peaks 
correspond to direct bandgap recombination events at the K and K’ point, respectively48. 
The single step synthesis exhibits almost no PL response, only showing a weak B exciton 
peak located at 625 nm. Conversely, the cyclic synthesized film exhibits a strong A exciton 
peak at 675 nm, which corresponds to a band gap energy of 1.84 eV. The intensity increase 
in the PL spectrum suggests that the film has reordered to become more trigonal prismatic, 
corresponding to the semiconducting 2H allotrope of MoS2
48. The variance within each 
sample’s spectra suggest that there is some electronic structure inhomogeneity across the 




Figure 4.4. Five PL spectra taken at various points across the four-cycle cyclic sample and 
equivalent sputter duration single step sample. Both curves are shown in arbitrary units 
(a.u.). A and B peaks are labeled at 675 and 625 nm, respectively. 
 
 To calculate stoichiometry and the fraction of unreacted MoO3, XPS was performed 
on the four-cycle synthesized MoS2 film. The Mo 3d and S 2p spectra, along with their 
respective peak fits, are shown in Figure 4.5 (a,b), respectively. The Mo 3d spectrum can 
be fitted by the standard five peaks corresponding to the S 2s, a doublet of two peaks 
corresponding to the MoS2 contribution of the Mo spectrum (the Mo 3d
5/2 and 3d3/2 peaks) 
and a second doublet corresponding to the MoO3 contribution to the Mo spectrum (another 
set of Mo 3d5/2 and 3d3/2 peaks). All peak widths corresponding to Mo peaks are constrained 
to be the same. The peak separation between the 3d5/2 and 3d3/2 is fixed at 3.1 eV for both 
Mo doublets, and the area ratio between the 3d5/2 and 3d3/2 peaks is constrained at 1.5:1. 
The positions of the two doublets respective to each other, as well as their peak areas 
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relative to each other, are allowed to change. All parameters corresponding to the S 2s peak 
were unconstrained. 
 
Figure 4.5. Fitted XPS spectra for the Mo 3d (a) and S 2p (b) spectra for a cyclic 400 oC 
synthesized MoS2 film, both shown in arbitrary units (a.u.). In (a), five peaks are present: 
a S 2s peak, a Mo 3d doublet corresponding to MoS2, and a Mo 3d doublet corresponding 
to MoO3. In (b), a single S 2p doublet is used to fit the spectrum. 
 
 The S 2p spectrum was fit using a single doublet, corresponding to the 2p3/2 peak 
and the 2p1/2 peak. The two peak widths were constrained to be the same, and the peak 
separation was fixed at 1.18 eV68. The area ratio between the 2p3/2 peak and the 2p1/2 peak 
was held at 2:1. Both the Mo spectrum’s and S spectrum’s peak positions and shapes are 
consistent with the semiconducting 2H phase of MoS2
48. 
 From inspection, the MoO3 doublet has a minimal contribution to the total Mo 3d 
spectrum, indicating that the majority of the Mo has sulfurized into MoS2. Dividing the 
peak area of the MoO3 doublet to the area of the MoS2 doublet yields a MoO3 percentage 
of 12%. Because the sputtered initial film is metallic Mo from a metallic Mo source, any 
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MoO3 is due to unreacted Mo that oxidizes in ambient atmosphere. A small fraction of 
MoO3 therefore indicates that the majority of the initial film sulfurized to form MoS2. 
 Stoichiometry is calculated by normalizing the area of the MoS2 Mo 3d doublet by 
molybdenum’s sensitivity factor (2.75), normalizing the area of the S 2p doublet by sulfur’s 
sensitivity factor (0.54)216, and taking the ratio of the normalized areas. Doing so yields a 
stoichiometry of MoS1.82. The resulting films are slightly under-stoichiometric, where 
approximately 10% of Mo–S bonds do not form, leaving the S atomic sites as S vacancies. 
The stoichiometry improvement seen in the cyclic synthesized film when compared to a 
single step synthesized film is also in agreement with the PL response seen in Figure 4.4. 
Kimi et al. have shown that improved stoichiometries result in stronger PL response, which 
is consistent with our findings217. This result suggests that the improvement in 
stoichiometry significantly improves the electronic structure of the synthesized film. 
 This under-stoichiometry is in good agreement with the calculated MoO3 fraction. 
Approximately 10% of sulfur atomic sites are unoccupied at the conclusion of the 
synthesis, which then allows the associated unreacted molybdenum to oxidize upon 
exposure to atmosphere. It is likely that the 12% Mo that is in the MoO3 state is due to the 
10% S vacancies prior to atmospheric exposure and oxidation. It can be assumed that as 
the initial Mo film moves toward total sulfurization, the fraction of MoO3 in the resulting 
MoS2 film will decrease. 
 In order to fully compare the effects of initial film composition on resulting MoS2 
quality and validate our initial findings, a cyclic growth using MoOx initial films was 
performed. The synthesis process for the MoOx sample is identical to the four-cycle Mo 
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sample, except that after each Mo sputter step, the sample was cooled, moved to the load 
lock, and vented, allowing the sputtered Mo film to oxidize into MoOx prior to H2S 
exposure. After 10 min, the sample is brought back into the main chamber, and the 
temperature is elevated back to 400 oC. The sample was then soaked in H2S plasma for 15 
min, whereupon the cycle is repeated. 
 Figure 4.6 compares physical characterization results between the metallic Mo and 
MoOx cyclic synthesized samples. Raman spectra for the Mo and MoOx initial film samples 
is shown in Figure 4.6 (a). The FWHMs of the A1g and E
1
2g peaks for the Mo sample are 
6.51 and 8.33 cm-1, respectively, whereas the FWHMs of the A1g and E
1
2g peaks for the 
MoO3 sample are 8.35 and 11.56 cm
-1, respectively. The sharper peaks in the Mo sample 
further support the claim that the films synthesized from initial Mo films have better 
structure than films synthesized from initial MoOx films, and is consistent with the results 
summarized in Figure 4.1 (a). 
 
Figure 4.6. Raman (a), PL (b), and the Mo 3d XPS spectra (c) for cyclic synthesized MoS2 
at 400 oC, with initial metallic Mo and oxidized MoOx films. The peak FWHMs are shown 




Figure 4.6 (b) shows PL spectra for cyclic samples using Mo and MoOx initial 
films. The results indicate that Mo initial films result in MoS2 having higher electronic 
quality. While the Mo sample’s spectrum exhibits a strong A peak with a lesser B peak, 
the MoOx cyclic sample’s spectrum is significantly weaker in intensity. This result agrees 
with the Raman in Figure 4.6 (a), indicating Mo initial films yield better quality MoS2. The 
normalized intensity of the PL spectrum of the MoO3 cyclic spectra is larger than the 
normalized intensity of the PL spectrum for the single step Mo sample shown in Figure 
4.4. The face that a cyclic growth using MoO3, which has been shown to yield lower quality 
MoS2, does have slightly stronger PL response compared to a single step synthesis using 
Mo, suggests that slowing the synthesis down via cycling steps has a larger effect than 
initial film composition on resulting film atomic and electronic structure. 
To compare the chemical nature of MoS2 synthesized cyclically from Mo versus 
MoOx initial films, XPS was performed, and the Mo 3d spectra for the two samples is 
shown in Figure 4.6 (c). From inspection, the MoOx sample has a much larger MoO3 
contribution to the spectrum. A calculation of the stoichiometry for the MoOx sample gives 
an atomic ratio of MoS1.69, and the MoO3 peaks of the Mo spectrum accounts for 19% of 
the spectrum. The stoichiometries for the cyclic Mo and MoOx samples are nearly identical, 
with the difference approaching the magnitude of the error in the calculation. However, a 
significant difference in MoO3 fraction is clearly evident, with the MoOx cyclic film 
exhibiting more resulting MoO3. This result appears to contrast our initial experiment, 
where MoOx was shown to be more reactive and yielded a higher stoichiometry. It is 
possible that the use of an H2S plasma moves the reaction from a thermodynamic regime 
to a kinetic regime, where the reaction energies of reactions I and II (eqs. 4.1 and 4.2, 
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respectively) are not the dominant driver for synthesis. A more detailed investigation of 
the kinetic effects of using H2S plasma would likely yield a more complete understanding 
of the effect of initial film thickness on resulting stoichiometry and MoO3 fraction. 
One potential explanation for the larger MoO3 fraction in cyclic MoOx synthesized 
films involves oxygen diffusion through synthesized MoS2. MoS2 has been suggested to a 
good diffusion barrier, similar to other 2D materials218. When a bulk Mo or MoOx film 
sulfurizes, it sulfurizes from the top down. Therefore, the top layer of MoS2 can be assumed 
to be more completely sulfurized than the underlying layers. When the film is then exposed 
to atmosphere, any unreacted Mo atoms that oxygen can reach will oxidize, and all Mo can 
be accounted for as either MoS2 or MoOx. In the cyclic synthesis cases, both films 
synthesized from Mo and MoOx yield closely matching stoichiometries and MoO3 
fractions. For example, the film synthesized from Mo yields a stoichiometry of MoS1.82 
and a MoO3 fraction of 12%; the stoichiometry of 1.82 implies that approximately 10% of 
Mo atoms are unreacted, which then oxidize in atmosphere, yielding the measured 12% 
MoO3 fraction. However, when calculating the MoO3 fraction in the single step syntheses 
shown in Figure 4.1, both MP4 and OP4 yield similar MoO3 fractions, 16% and 14%, 
respectively. OP4 follows the same trend, where the stoichiometry of 1.86 and MoO3 
fraction of 14% are in agreement within the error of the fit. However, MP4’s MoO3 fraction 
significantly deviates from the stoichiometry, exhibiting only a 16% MoO3 fraction despite 
a low stoichiometry of 1.55, which would in theory yield a MoO3 fraction of around 25%. 
 The significant mismatch in the single step metallic Mo initial film’s stoichiometry 
and MoO3 fraction suggests that not all of the unreacted Mo oxidized when exposed to 
atmosphere. In the single step case, the top of the film will sulfurize more completely69, 
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which would then act as an oxygen diffusion barrier to the underlying unreacted Mo atoms, 
leaving them in a metallic Mo state. However, in the case of the single step MoOx sample, 
the unreacted underlying Mo atoms are already in an oxidized state, implying that all Mo 
is either in the MoS2 or MoO3 phases. When the synthesis is broken into cycles, each cycle 
is exposed to the H2S plasma for the same amount of time as the entire single step 
syntheses, which allows the deposited Mo layer to more completely sulfurize69, decreasing 
the overall unreacted Mo fraction. To better understand this phenomenon, in situ 
characterization would be necessary in order to probe the Mo state prior to exposure to 
atmosphere. Future work will continue to explore this diffusion mediated phenomenon. 
 In order to further characterize the electrical behavior of a MoS2 film synthesized 
via cyclic sulfurization of Mo, two-terminal temperature-dependent conductivity 
measurements were performed. Devices were fabricated from the 400 oC four-layer MoS2 
films synthesized from metallic Mo initial films, and a variable range hopping (VRH) 
model is used to describe the in-plane conduction of the low-temperature synthesized 
MoS2. Typically, VRH occurs due to defect-dominated conduction, where charge carriers 
“hop” from defect site to defect site. Because the trapping and de-trapping rate are 
temperature dependent, a change in temperature results in a change in conductivity. 
Previous work has been performed on applying the VRH model to explain conduction 
through TMD films76, 219-222. The VRH model for conductivity in a two-dimensional 
semiconductor is219, 223-224 
 
𝜎(𝑡) = 𝜎0𝑇











where σo is a scaling constant an T0 is a fitting parameter of the form 
 






where kB is Boltzmann’s constant, N(EF) is the density of defect states at the Fermi level, 
and ξ is the localization length [with the dimension (m)]. Localization length has been 
correlated to domain size, and determines how efficiently a carrier can move through the 
film225. It refers to how confined a charge carrier is, where a smaller value implies that the 
carrier is more confined to a certain location. Recent work has shown that grain boundaries 
significantly reduce the localization length, which then increases hopping conduction. 
 Temperature dependent conductivities for three device sizes are shown in Figure 
4.7, where σT0.8 is plotted on a logarithmic scale versus T-1/3. All three devices exhibit 
similar linear trends, suggesting that VRH is a likely conduction mechanism. The strong 
temperature dependence and good agreement with the VRH model suggests that there is a 
relatively high defect density within the film, likely due to small grain sizes and unreacted 
areas of MoOx. The relatively large FWHM values of the A1g and E
1
2g Raman peaks 
indicate that the individual domains are on the nanoscale103. Thus, the film contains a high 
density of grain boundaries, which act as trap and scattering sites, which inhibit traditional 




Figure 4.7. Temperature dependent conductivities extracted from three device sizes 
fabricated from 400 oC cyclic synthesized MoS2. Inset shows an optical image of a 25 x 
100 µm (F) and 50 x 100 µm (G) device. 
 
 To concretely determine the grain structure of the film, STEM was performed on 
the 400 oC synthesized MoS2 used to fabricate the devices shown in Figure 4.7. Figure 4.8 
shows a plane-view STEM image containing a number of grains, where all grains are on 
the order of 5 nm in diameter. Because the individual grains are so small, they are relatively 
difficult to resolve, so select few have been highlighted in color to assist in observation. 
The inset of Figure 4.8 shows the fast Fourier transform of the plane-view image, indicating 
that the film is primarily oriented along the [0001] direction69. The nanocrystallinity 
observed using STEM confirms the Raman peak widths seen in Figure 4.3 and Figure 4.6 




Figure 4.8. STEM image of the 400 oC MoS2 synthesized from metallic Mo, with a few 
individual grains highlighted in color. The average grain size is on the order of 5 nm. The 
inset shows the FFT of the plane-view image. 
 
 The slope of the fits in Figure 4.7 can be used to determine T0, which can then be 
related to localization length. The value for T0 for each device is approximately 3 x 10
6 K, 
which is similar to previously reported T0 values for TMDs
76, 219. For a given T0, N(Ef) and 
ξ are inversely related, where a larger density of defect states at the Fermi level implies a 
smaller coherence length. The localization length of the films in literature were on the order 
of their respective grain size, so it is likely that the localization length for our 400 oC 
synthesized films is on the order of 5 nm. Additionally, all slopes are nearly identical. The 
high density of grain boundaries, indicated from the large Raman peak FWHMs, would 
explain the significant hopping conduction and short localization length. The devices were 
also measured under a sweeping gate bias in order to obtain a transfer curve, however the 
films exhibited minimal modulation of only a single order of magnitude, likely due to their 
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high defect density. Although the film exhibits defect mediated hopping conduction and 
minimal modulation under an applied gate bias, the PL response shown in Figure 4.4 and 
XPS spectra shown in Figure 4.5 suggest that the films are in the 2H semiconducting phase 
and do have the extended band structure necessary for direct band-to-band recombination. 
Further optimization of the synthesis process will likely yield higher quality films that can 
be more effectively modulated. 
 
4.4 Effect of Atomic Structure and Stoichiometry on Electronic Performance 
To provide better insight into the key structural and chemical variables leading to 
defects and their effect on electronic properties, the four-layer MoS2 films synthesized at 
400 oC were exposed to three different 800 oC annealing environments and were 
subsequently characterized. High temperature anneals of low temperature synthesized 
films were performed in order to exaggerate changes in atomic structure and stoichiometry. 
To measure the impact of these two material parameters, four samples were prepared. One 
sample was held as a control and named “As Grown.” A second sample was annealed at 
800 oC under a 4 sccm H2S plasma at 300 W, resulting in a pressure of 10
-5 Torr. The 
plasma conditions are identical to those used during H2S plasma synthesis. A third sample 
was annealed under an identical H2S flow at 800 
oC, without striking a plasma. The fourth 
and final sample was annealed at 800 oC in a vacuum of 10-8 Torr. All anneals were 1 hour 
in duration. 
 Figure 4.9 (a) shows the A1g and E
1
2g FWHM values for the As Grown, H2S Plasma, 
H2S, and vacuum anneals. The FWHM values of the two peaks for geological bulk crystals 
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are included as dashed lines for reference, which correspond to well-ordered films. Error 
bars for each data point are smaller than the data point itself. 
 
Figure 4.9. Raman peak FWHMs (a), PL A (solid triangles) and B (hollow circles) peak 
intensities in counts per second (b), and stoichiometries calculated from XPS (c) for as 
synthesized MoS2, MoS2 annealed under H2S plasma, H2S, and vacuum conditions. Bulk 
crystal Raman FWHMs are shown via the dashed lines in (a). Perfectly stoichiometric 
MoS2 is represented by the dashed line in (c). 
 
 For both the A1g and E
1
2g peaks, the vacuum anneal results in peak widths closest 
to high quality bulk values. Noticeably, the A1g peak, which represents out-of-plane phonon 
nodes215, 226, approaches the bulk value for both H2S and vacuum anneals. This suggests 
that any perturbations in the layer-layer interaction of the four-layer film are resolved 
through annealing. The E1+2g peak corresponds to in-plane phonon nodes
215, 226. For the 
case of the E12g peak, all anneals result in a smaller FWHM, again with the vacuum anneal 
resulting in the smallest value. The FWHM of the E12g after vacuum annealing is still 
approximately a full wavenumber away from the bulk value, indicating that the in-plane 
vibrations still suffer from inhomogeneity in the film. These results suggest that anneals 
are effective at reordering the atomic structure of MoS2 and are more effective at 
normalizing the interlayer interactions than reducing perturbations in the intralayer 
75 
 
interactions. Vacuum annealing appears to be the most effective in reordering atomic 
structure. 
 A and B exciton PL peak intensities from spectra taken at various points on each 
sample are plotted in Figure 4.9 (b). H2S plasma annealing results in a higher average PL 
signal intensity, followed by H2S annealing and vacuum annealing. The increase in signal 
intensity can be associated with a more uniform electronic structure within the film. The 
large variance of peak intensities within each sample indicate that there is still significant 
electronic inhomogeneity across the film. Even so, the average intensity increase indicates 
that the anneals, specifically the H2S and vacuum anneals, significantly improve the quality 
of the MoS2. The suggested improved electronic structure observed from the PL spectra 
for each anneal condition is consistent with the trend observed in the Raman data shown in 
Figure 4.9 (a). 
 Stoichiometry for each annealed sample, calculated from XPS peak fits in the 
manner discussed above, is plotted in Figure 4.9 (c). The dashed line is located at the 
perfectly stoichiometric S:Mo ratio of 2:1. The H2S plasma anneal does not appear to 
significantly influence sulfur incorporation, compared to the As Grown sample’s sulfur 
percentage. However, annealing in H2S does yield a 5% increase in sulfur concentration, 
resulting in the stoichiometry increasing from MoS1.81 to MoS1.91. Conversely, the vacuum 
anneal lowers the film’s stoichiometry from MoS1.81 to MoS1.73. This is likely due to the 
low S partial pressure during the vacuum anneal. In this case, S is stripped from the film to 
balance S concentration in the film and surrounding environment. When some form of S is 
present in the annealing environment (either as H2S plasma or H2S), the partial pressure of 
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S in the annealing atmosphere is high enough such that the equilibrium reaction does not 
remove S from the film. 
 The combination of these physical characterization results shows that H2S 
annealing yields both an improved atomic and electronic structure while maintaining a high 
stoichiometry. Although vacuum annealing yields sharper Raman peaks and stronger PL 
intensity, the difference in stoichiometry (MoS1.91 versus MoS1.73) indicates that some form 
of S partial pressure is required to maintain a highly stoichiometric film. Interestingly, the 
results suggest that H2S is a more appropriate annealing environment than H2S plasma. We 
previously showed that H2S plasma is required for sulfurization of either Mo or MoOx 
when only the stage is heated. However, these results indicate that while H2S plasma is 
required for sulfurization, the plasma is less effective as an annealing environment. 
 One hypothesis to explain this relationship is that the plasma, although required to 
provide energy for the sulfurization reaction, does damage the MoS2 film. Plasmas are 
commonly used as dry etchants for TMD materials, and in the case of MoS2, an O2 plasma 
can be used to induce defects into the film213. It would therefore be expected that a 
semidirect plasma would cause some degradation of the film. In this case, the ionized S 
radicals from the H2S plasma have enough energy to incorporate into the film during 
synthesis; however, once the initial Mo film has been sulfurized into MoS2, providing a S 
partial pressure via H2S is sufficient for annealing out defects within the MoS2 and filling 
individual vacant S atomic sites. We predict that a MoS2 film annealed with H2S plasma 
does undergo similar annealing effects but has a competing degradation mechanism due to 
the high energy ions bombarding the surface of the MoS2. 
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 To correlate physical characterization with electronic performance, two-terminal 
devices were fabricated from each of the four annealing samples. Devices were measured 
across the same range of temperatures from 100 to 340 K. Conductivities were extracted 
and plotted in Figure 4.10. Similar to Figure 4.7, each sample’s conductivities can be fitted 
suing a VRH model, indicated by the linear fit overlaid on each dataset. 
 
Figure 4.10. Temperature dependent conductivities extracted from devices fabricated 
using as grown, H2S plasma annealed, H2S annealed, and vacuum annealed MoS2. The 
slopes of the linear fits are shown in the bottom left. 
 
 Two important pieces of information can be obtained from Figure 4.10. First, the 
conductivity at a given temperature is significantly lower for the H2S and vacuum annealed 
films when compared to the As Grown and H2S plasma annealed films. Additionally, the 
slope of the fitted trend line, which indicates the strength of the temperature dependence 
and is correlated to localization length, increases for the H2S plasma annealed sample, but 
decreases significantly for the H2S and vacuum annealed samples. This decrease in slope 
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indicates that the H2S and vacuum annealed samples have a much weaker temperature 
dependence on conductivity due to the suppression of VRH conduction. 
 To explain this combination of phenomena, the total conductivity of a MoS2 film 
can be thought of as two conductive pathways in parallel: an “intrinsic” conductivity 
relating to how efficiently carriers can flow through the film, and a hopping conduction 
conductivity which is determined by the localization length. In the As-Grown sample, the 
conductivity is relatively large, and its temperature dependence is strong. A large hopping 
conduction likely dominates the electronic transport through the film. This implies that the 
localization length is small. The H2S plasma annealed sample has slightly lower 
conductivity but a steeper slope, indicating that the localization length is smaller, despite 
an overall conductivity decrease. In the case of the H2S annealed and vacuum annealed 
samples, total conductivity is much lower, and the temperature dependence has weakened 
significantly, indicated by the shallower slopes. We hypothesize that the atomic structure 
of these samples has been reordered enough to significantly increase the localization 
length, which would severely mitigate hopping conduction. If the intrinsic conduction in 
each sample is low, the decrease in total conduction through each anneal would be 
explained by the reduction of hopping conduction. When hopping conduction is eliminated, 
the low intrinsic conductivity dominates, resulting in a lower total conductivity. 
 These electrical results agree with the physical characterization shown in Figure 
4.9. The H2S plasma annealed sample shows only slight improvements via physical 
characterization, and does not significantly improve the electrical performance of the film. 
However, the H2S and vacuum anneals show much more improvement in Raman peak 
width and PL signal intensity, as well as significant reduction of hopping conduction. In 
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fact, H2S annealing shows the lowest overall conductivity, as well as the smallest 
temperature dependence. 
 An interesting conclusion can be drawn by comparing the physical characterization 
data shown in Figure 4.9 with the conductivity data shown in Figure 4.10 for the vacuum 
annealed sample. The vacuum annealed sample exhibits much sharper Raman peaks and 
stronger PL peak intensities than the as grown sample, indicating that its structure has 
improved and the average domain size has increased. Although the stoichiometry has been 
significantly reduced, the conductivity data indicates that the VRH conduction has been 
strongly mitigated. This result suggests that improving atomic structure has more of an 
effect on electronic performance than stoichiometry. Moreover, the vacuum annealed 
sample exhibits similar Raman and PL spectra as the H2S annealed sample, indicating that 
they are structurally similar. Additionally, the two samples display similar conductivity 
behavior. However, the difference in stoichiometry is fairly large, with the vacuum 
annealed sample having 10% less S than the H2S annealed sample. This further supports 
the assertion that stoichiometry (specifically the number of S vacancies) is less critical 
compared to atomic structure and grain size in obtaining high electrical quality films. 
 
4.5 Conclusions 
In these experiments, the sulfurization mechanism of Mo containing films was 
investigated. A series of synthesis conditions were employed and the resulting MoS2 films 
were characterized using Raman and XPS. Nearly stoichiometric MoS2 was synthesized at 
400 oC using the thin film reaction synthesis method. Initial oxidized MoOx films were 
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shown to be more reactive, but metallic Mo films yielded MoS2 with better atomic 
structure. H2S plasma is required for sulfurization when only the stage is heated, because 
the surrounding atmosphere does not provide the requisite energy to facilitate the 
sulfurization reaction. 
 To improve film quality, synthesis was segmented into the repeated cycles of Mo 
deposition and S exposure. Excellent thickness control is demonstrated via cyclic synthesis, 
where four and three-layer films were synthesized and characterized to demonstrate high 
homogeneity. Additionally, MoS2 synthesized in a cyclic process was found to have 
sharper Raman peaks, more intense PL, and higher stoichiometry than films synthesized in 
a single cycle. Metallic Mo and oxidized MoOx initial films were synthesized using a cyclic 
process, whereupon physical characterization again indicated that metallic Mo initial films 
result in better structured, higher quality resulting MoS2. Two terminal devices were 
fabricated from metallic Mo synthesized samples, and temperature dependent 
conductivities were measured, which suggested significant VRH, likely due to a high 
defect density and small grain sizes within the film. 
 Three different annealing conditions were investigated to better understand the 
effects atomic structure and stoichiometry have on electronic behavior, as well as provide 
insight on the S environment’s effect on the thin film reaction. Physical characterization 
showed that H2S plasma is not as effective as an annealing environment compared to H2S 
or vacuum environments. Conversely, vacuum annealing resulted in the best atomic and 
electronic structure, but at the cost of significantly lower stoichiometry. Temperature 
dependent conductivities measured for each anneal condition corroborate the physical 
characterization results, where H2S annealing and vacuum annealing result in better 
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electronic performance, with H2S annealed samples exhibiting the highest electrical 
performance. Stoichiometry was shown to have a significantly smaller effect on hopping 
conduction than atomic structure and grain size. 
 This work demonstrates that the chemical state of the initial transition metal film 
(i.e., Mo versus MoOx) plays an important role in thin film reaction synthesis of TMDs. 
Segmenting synthesis into the repeated cycles can be used to leverage more control over 
thickness uniformity as well as resulting film quality. Furthermore, H2S plasma is required 
to provide energy for the reaction to synthesize the film at low temperature, but an as 
synthesized film can be degraded by further exposure to H2S plasma. Moreover, 
stoichiometry was shown to have a significantly lower impact on the electrical behavior 
than atomic structure. In their current state, these materials are well suited for hydrogen 






CHAPTER 5. LOW TEMPERATURE SYNTHESIS OF MOS2 ON 
GOLD 
One significant benefit of achieving low-temperature MoS2 synthesis is that MoS2 
films can be synthesized on substrates that cannot withstand conventional synthesis 
temperatures. As such, MoS2 can be synthesized directly onto substrates, such as plastics 
or metals, that otherwise would require transfer steps to yield MoS2 placement. This is 
especially relevant in the case of layer-by-layer synthesis of vertical heterostructures, as 
synthesizing MoS2 directly onto a contact metal is required. Because gold is one of the 
more commonly used contact metals in microelectronics and 2D materials research, this 
chapter will focus on synthesizing MoS2 onto gold substrates and fabricating devices 
without any transfer steps. 
 
5.1 Optimization of MoS2 Synthesis on Gold 
To explore MoS2 synthesis on gold, samples were prepared for synthesis by e-beam 
evaporating 100 nm of gold onto 300 nm SiO2/Si substrates. The substrates were cleaned 
using a standard acetone/isopropyl alcohol solvent clean, then loaded into the MBE 
chamber. 
Synthesis was performed using the cyclic process discussed in CHAPTER 4.3. The 
temperature of the substrate was raised to 400 oC, and a 15-minute H2S plasma pre-anneal 
was performed to further clean the sample surface. Once H2S plasma annealed, three Mo 
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sputter/H2S plasma soak cycles were performed in an attempt to yield 3-layer MoS2. At the 
conclusion of the final sputter/soak cycle, the sample is cooled to 200 oC under vacuum, 
then moved to the load lock and cooled to room temperature under nitrogen. 
The Raman response of the initial attempt at MoS2 synthesis on gold is shown in 
Figure 5.1. The two characteristic phonon peaks are visible at ~405 cm-1 for the A1g and 
~380 for the E12g, indicating that some MoS2 exists in its characteristic hexagonal structure. 
However, the signal-to-noise ratio of the spectrum is extremely small, where the intensity 
of both peaks is barely above the background noise. Although metal substrates do provide 
a significantly larger Raman background signal and reduce the signal-to-noise ratio than 
insulating substrates, the resulting MoS2 signal is significantly lower than other reported 
Raman spectra of MoS2 on gold
229. Therefore, MoS2 film corresponding to the Raman 
spectrum in Figure 5.1 is likely of rather low quality, and as such the synthesis process 
requires optimization for synthesis on gold. 
 
Figure 5.1. Raman response of a 3-cycle 400 oC metallic-Mo MoS2 synthesis process on 
a gold substrate. The y-axis is shown in arbitrary units. Faint A1g and E
1
2g peaks can be 
seen at 405 and 380 cm-1, respectively. 
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One possible explanation for the poor film quality is that sulfur reacts favorably 
with gold230, yielding two competing sulfurization reactions between the gold substrate and 
deposited molybdenum films. Based on the results discussed in CHAPTER 4.2, oxidizing 
each deposited molybdenum layer to MoOx should promote the sulfurization reaction, as 
MoOx thermodynamically reacts more favorably with H2S than metallic molybdenum. 
Therefore, the reactive sulfur species may be more likely to react with the oxidized 
molybdenum film as opposed to the gold substrate. In an attempt to improve the quality of 
MoS2 films synthesized on gold, each molybdenum sputter step was moved to the load lock 
and oxidized, resulting in a synthesis process identical to the MoOx initial film process 
discussed in CHAPTER 4.3. 
Figure 5.2 (a) shows the Raman response for MoS2 synthesized on gold using 
metallic and oxidized initial molybdenum films. The spectrum corresponding to the 
metallic molybdenum film is the same shown in Figure 5.1. It is immediately apparent that 
oxidized MoOx initial films result in significantly higher quality resulting MoS2 based on 
the improved signal-to-noise ratio of the spectrum. The peak separation of both spectra are 
similar, indicating that the resulting film thickness synthesized on gold is independent of 
initial molybdenum film composition, consistent with the results shown in Figure 4.6 (a) 
for MoS2 synthesized on SiO2 substrates. However, the Raman peak widths for MoS2 
synthesized on gold using MoOx initial films are slightly larger than equivalent synthesized 
films on SiO2 substrates, indicating that the quality of material synthesized on gold is 




Figure 5.2. (a) Raman response of MoS2 synthesized on gold substrates using metallic 
(Mo) and oxidized (MoOx) initial molybdenum films. XPS Mo 3d (b) and S 2p (c) spectra 
for MoS2 synthesized on gold using metallic (Mo) and oxidized (MoOx) initial 
molybdenum films. 
 
 Figure 5.2 (b) shows the Mo 3d XPS spectra for MoS2 synthesized on gold from 
the two different initial Mo films. The spectrum corresponding to MoS2 synthesized from 
MoOx initial films is dominated by the doublet of peaks at 230 and 232 eV corresponding 
to MoS2. In addition, the spectrum exhibits only a small MoO3 contribution at 236 eV, 
suggesting that the MoOx sulfurized to near completion. Conversely, the spectrum 
corresponding to the metallic molybdenum initial film exhibits strong MoO3 peak 
intensities at 233 and 236 eV. Moreover, the S 2s peak at 226 eV is not present in the 
metallic Mo spectrum, whereas it is not only present in the MoOx initial film spectrum, but 
also exhibits a relative intensity that is consistent with MoS2, as shown in Error! 
Reference source not found.. 
 The absence of sulfur in the metallic Mo initial film sample is corroborated by the 
S 2p XPS spectra shown in Figure 5.2 (c). The S 2p spectrum corresponding to the metallic 
molybdenyum initial film synthesis is weak in relative intensity compared to the C 1s 
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spectrum (not shown), indicating that there is not a large amount of sulfur present in the 
film. In contrast, the S 2p spectrum corresponding to the MoOx initial film synthesis 
exhibits a strong signal corresponding to sulfur in the MoS2 chemical state.  
The stoichiometry of both MoS2 films can also be calculated using the Mo 3d and 
S 2p spectra shown in Figure 5.2 (b,c). The calculated atomic ratio of MoS2 synthesized on 
gold from metallic molybdenum initial films is only 1:1.02, indicating that the 
molybdenum initial film did not significantly react with the H2S plasma. This is 
substantiated by the large MoO3 percentage of the Mo 3d spectrum, where MoO3 accounts 
for 51% of the molybdenum spectrum. In contrast, the atomic ratio between Mo and S in 
the MoOx initial film sample is 1:1.94, indicating that the molybdenum reacted with the 
H2S plasma nearly in full. These results confirm the hypothesis that oxidizing the initial 
molybdenum film will promote the sulfurization reaction, which is necessary for 
successfully MoS2 synthesis on gold substrates. 
 
5.2 Heterostructure Devices from MoS2 Synthesized on Gold 
Because MoS2 synthesis on gold is now possible, transfer-free MoS2 
heterostructure can be fabricated by directly synthesizing MoS2 onto bottom gold contacts. 
Because the metal/TMD/metal heterostructure is one of the simplest heterostructure 
architectures, in addition to their recent interest as memory select devices21, 231, it is an 
obvious choice for initial heterostructure experimentation. In addition, the purely vertical 
structures contain no in-plane conduction, implying that the variable range hopping 
limitation discussed in CHAPTER 4 is not relevant to device operation, mitigating the 
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material constraint. Tri-layer MoS2 was synthesized on gold substrates using the method 
discussed in CHAPTER 5.1, and top gold contacts were e-beam evaporated to yield a 
gold/MoS2/gold device structure. 
The device behavior of the gold/MoS2/gold heterostructure devices is shown in 
Figure 5.3. Interestingly, the heterostructure devices exhibit resistive switching behavior, 
where the resistance of the device switches between a high and low resistance state as the 
source/drain voltage is swept. This switching behavior is highlighted by the arrows 
showing the voltage sweep direction, and the colors representing the high and low 
resistance state. The inset of Figure 5.3 shows the switching behavior on a linear scale, 
which breaks down the switching into four segments. As the source-drain bias is increased 
from 0 to positive biases, the device begins in a high resistance state (i). At around 0.5 V, 
the device begins to switch to a low resistance state and the current density increases before 
hitting the set compliance value of 0.08 A. When the bias is reduced, the current decreases 
linearly, but this time at a higher current density than during the positive voltage sweep 
(ii). Further decreasing the bias to negative values continues the linear Id-Vd behavior, until 
approximately -0.75 V where the device switches back to a high resistance state (iii). 
Sweeping the bias back from -1 to 0 V brings the device state back to the initial point while 





Figure 5.3. Device behavior of the gold/MoS2/gold heterostructures. Switching is 
highlighted by the arrows and colors, which indicate the sweep direction and resistance 
state. The inset shows the same data on a linear scale, where the four switching regimes 
are indicated as (i) – (iv). 
 
This switching behavior has traditionally been investigated in oxide materials 
systems152, although recently switching has been observed in MoS2 devices
95. In this case, 
MoS2 is synthesized using a traditional CVD process to yield individual flakes that do not 
fully coalesce into a single film. Although the grains do not fully coalesce, a number of 
grains do impinge on one another, resulting in a grain boundary between two single-crystal 
grains. Sangwan et al. then fabricated a device over this two-grain MoS2 flake, where the 
source and drain contacts are located on opposite grains such that the grain boundary is 
located between them. When Vds is swept, the resistivity through the film switches due to 
the motion of the grain boundary, which is confirmed through AFM95. In addition, the 
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resistivity of the device can also be modulated by an applied back gate, as the device 
architecture is the same as a standard FET. 
 Although the switching demonstrated by Sangwan et al.95 and shown in Figure 5.3 
are both observed in MoS2 systems, it is likely that the mechanisms that dictate the 
switching behavior are different. The switching observed by Sangwan et al. is based on 
lateral grain motion in the direction of the applied bias. However, because the 
heterostructure device shown in Figure 5.3 operates based on out-of-plane carrier 
conduction, it is unlikely that applying a bias across the device will physically alter the 
lateral position of the grain boundaries. Reports in literature have shown filamentary 
switching in hBN systems, where metal ions diffusion through hBN interlayers to form a 
volatile low-resistance filament before diffusing back out of the interlayer232. It is possible 
that the switching behavior observed in Figure 5.3 is due to metal filament formation, 
although the resistance state of the gold/MoS2/gold heterostructure appears to be non-
volatile, as the resistance state is stored for more than 24 hours, which is in contrast to the 
observed behavior in the hBN filamentary systems. As such, further investigation is 
necessary to determine the cause for the switching behavior. Nevertheless, although the 
switching window of the devices shown in Figure 5.3 is small, the switching window is 
comparable to the devices demonstrated by Sangwan et al.95 despite the likely difference 
in switching mechanism. 
 While the gold/MoS2/gold heterostructures do demonstrate switching behavior, 
they are ohmic in nature. This device characteristic indicates that an insulating interlayer 
is needed in order to induce tunneling across the structures. Therefore, to induce tunneling 
behavior in the transfer-free, directly synthesized low-temperature MoS2 devices, tunnel 
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heterojunctions were fabricated using a high-k interlayer as a tunnel barrier. Tri-layer MoS2 
was again synthesized directly onto gold substrates using the previously discussed method, 
after which 2.78 nm of Al2O3 or 2.71 nm of HfO2 were ALD deposited onto the bottom 
layer MoS2. After the high-k interlayer was deposited, tri-layer MoS2 was synthesized 
directly onto the dielectric and was capped with a top gold contact deposited via e-beam 
evaporation. A resulting vertical structure of gold/MoS2/interlayer/MoS2/gold is 
consequently achieved, notably without requiring any transfer steps, implying that each 
interface is pristine. 
 The device Id-Vd behavior of the Al2O3 interlayer device is shown in Error! 
Reference source not found. (a). A clean non-linearity is observed, indicating that the 
device is non-ohmic and that the device characteristics are dictated by tunneling across the 
dielectric interface. Error! Reference source not found. (b) re-plots the behavior in a FN 
plot, which shows the voltage threshold for the transition between direct tunneling (DT) 
and FN tunneling. In addition, (b) shows the evolution of the band structure from direct 
tunneling to FN tunneling. The FN tunneling threshold voltage is extracted from the 
minimum point on the FN plot, which is then shown in (a) as dotted red lines. HfO2 





Figure 5.4. Device characteristics for an Al2O3 interlayer MoS2 tunnel junction. (a) shows 
the device behavior in a normal scale, highlighting the different tunneling regimes 
occurring at different voltages. (b) re-plots the device data from (a) in a FN plot, and shows 
the band structure change leading to FN tunneling with increasing bias. 
 
Because the heterostructures are symmetric, they theoretically are a plausible 
architecture for NDR tunneling applications. However, it is apparent from Error! 
Reference source not found. that the devices do not exhibit any NDR behavior. The lack 
of NDR behavior is likely due to fact that the material quality is relatively low, where 
disorder induces inhomogeneity in the electronic structure of the films and mitigates any 
NDR effects22. As such, further electrical characterization of these heterostructures as-
fabricated likely will not yield any additional information. However, these devices will be 
discussed in more detail in CHAPTER 6. 
 
5.3 Conclusions 
In this chapter, low-temperature synthesis of MoS2 on gold substrates was 
successfully achieved. In contrast to the results discussed in Error! Reference source not 
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found., where metallic molybdenum initial films yield higher quality resulting MoS2, thin 
film reaction synthesis of MoS2 on gold substrates requires oxidizing each deposited 
molybdenum film to MoOx prior to sulfurization. Because sulfur reacts with gold much 
more favorably than with SiO2, the sulfur-gold interaction competes with the sulfur-
molybdenum interaction, preventing complete sulfurization of metallic molybdenum films. 
By oxidizing the molybdenum film, the sulfur-MoOx interaction thermodynamics improve 
the favorability of the sulfurization reaction, resulting in successful MoS2 synthesis. 
However, MoS2 films synthesized on gold substrates still exhibit lower quality than 
equivalent synthesis on SiO2 substrates, indicating that further optimization is required for 
synthesis on gold. 
Two-terminal vertical heterostructures were fabricated from MoS2 synthesized 
directly onto gold without requiring any transfer steps. Gold/few-layer-MoS2/gold 
heterostructures displayed ohmic behavior, and exhibited memristive non-volatile 
switching. Although the switching window was small, the behavior mirrored switching 
characteristics in other MoS2 device systems
95. Placing a high-k dielectric interlayer 
between tri-layer MoS2 films induced tunneling behavior, yielding symmetric tunnel 
junctions. NDR was not observed, suggesting that the film quality is too poor to exhibit the 
well-defined homogenous electronic structure needed for resonant tunneling, indicating 
further optimization of low-temperature synthesis on gold is required. Nevertheless, these 
results demonstrate that directly synthesizing MoS2 onto metallic substrates can be utilized 




CHAPTER 6. RADIATION EFFECTS ON 2D VERTICAL 
HETEROSTRUCTURES 
In recent years a number of studies have explored the radiation hardness of 2D 
materials for potential space systems172, 174-175, 185, 189, 191, 233. In particular, the surrounding 
environment of 2D materials has been demonstrated to strongly influence the electronic 
properties of the 2D film234-235, and therefore can impact the radiation response of a 2D 
device. As such, an understanding how the intralayer interactions in 2D heterostructures 
impact radiation response is necessary. In this chapter, the radiation response of graphene 
and MoS2 heterostructure devices is explored, utilizing low-frequency noise and electronic 
characterization in conjunction with atomistic modelling to understand what defects are 
generated when exposed to different forms of radiation, and how those defects influence 
device behavior. 
The work discussed in this chapter was performed in close collaboration with Pan 
Wang, Dr. Andrew O’Hara, Dr. Daniel Fleetwood, and Dr. Sokrates Pantelides, all of 
whom are located at Vanderbilt university. My involvement in the work focused on device 
fabrication and initial characterization of the passivated graphene FETs and MoS2 vertical 
tunnel junctions. Pan and Dr. Fleetwood were primarily involved in the irradiation and 
post-irradiation device characterization of the samples, while Dr. O’Hara and Dr. 
Pantelides contributed valuable atomistic modeling and DFT calculations to yield insight 




6.1 Radiation Response of Passivated Graphene FETs1 
In this section, the role of overlayers in the radiation response of graphene FETs 
was studied. Graphene FET devices were fabricated onto a 300 nm SiO2/Si substrate and 
cleaned using the techniques discussed in CHAPTER 2. Two different passivation 
materials were chosen to reside on top of the graphene devices: Al2O3 and hBN. Al2O3 was 
deposited using ALD, yielding two separate samples with 4 and 19 nm thick Al2O3 
overlayers. 40 nm hBN was transferred on top of the graphene FETs using a standard wet 
transfer technique15. An additional set of devices was left unpassivated to act as a control 
group. 
The graphene FETs were irradiated with 10 keV X-rays at a dose rate of 30 
krad(SiO2)/min at room temperature while grounding the source and drain contacts and 
applying a gate bias of +5, 0, or -5 V. Baking was performed in ambient conditions at 
temperatures up to 400 K.  
When low-frequency noise is caused by random thermally activated processes with 
broad energy distributions relative to kT, the frequency and temperature dependences of 
the noise are correlated by the Dutta-Horn model, which can used to relate defect energy 
to temperature and frequency through the simple expression236-237  
 𝐸0  ≈  −𝑘𝑇𝑙𝑛(𝜔𝜏0) 6.1 
 
                                                 
1 Adapted with permission from Wang, P.; Perini, C.; O'Hara, A.; Tuttle, B. R.; Zhang, E. X.; Gong, H.; 
Dong, L.; Liang, C.; Jiang, R.; Liao, W.; Fleetwood, D. M.; Schrimpf, R. D.; Vogel, E. M.; Pantelides, S. T., 
Radiation-Induced Charge Trapping and Low-Frequency Noise of Graphene Transistors. IEEE Transactions 
on Nuclear Science 2018, 65 (1), 156-163.  
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where ω = 2(π)(f) and τo is the transport scattering time. For eq. 6.1 to successfully be used, 
the noise must be accurately described by the full Dutta-Horn model. Low-frequency (1/f) 
noise measurements were performed on the graphene FETs at temperatures ranging from 
85 to 400 K. Vds was held at 0.02 V, with a fixed gate bias of -20 V from the Dirac point, 
where the current is at a minimum. Figure 6.1 shows the noise frequency dependence of 
the graphene transistors with 19 nm Al2O3 compared to predicted values using the full 
Dutta-Horn model. The agreement between the measured and calculated dependences 
implied that 6.1 can be used to infer defect energies from 1/f noise measurements. 
 
Figure 6.1. Comparison of measured and predicted noise frequency dependence of the 19 
nm Al2O3 passivated graphene FETs before (a) and after (b) baking at 400 K for 24 hours. 
 
 To obtain a baseline for the performance of the graphene FETs, the effects of room-
temperature aging and high-temperature baking were explored. Figure 6.2 shows Id-Vg 
characteristics for a 19 nm Al2O3 passivated FET before and after it was baked at 400 K. 
After an initial 24 hour bake at 400 K, the CNP shifts approximately 10 V closer to 0, 
before shifting to its original value when stored in ambient conditions for 48 hours. A 
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subsequent bake successfully reduces the voltage value of the CNP, indicating that the 
regeneration process is reversible. 
 
Figure 6.2. Id-Vg curves with Vd = 0.02 V for a 19 nm Al2O3 passivated graphene FET 
before and after devices were baked at 400 K. The Dirac point shifts closer to 0 V when 
baked, and returns to its initial value when re-exposed to atmosphere. 
 
To understand what defects and impurities may lead to the observed changes when 
exposed to baking, normalized 1/f noise measurements were taken on the 19 nm Al2O3 
passivated FETs. Figure 6.3 shows the normalized low-frequency noise magnitude Sv f/T 
from 85 to 400 K for the different baking conditions. The top axis of Figure 6.3 represents 
the effective defect energy, obtained from eq. 6.1. For these defect-energy distribution 
estimates, the value of τo was set at 1 x 10
-13 seconds for graphene238. The magnitude of the 
low-frequency noise decreases after the device is baked at 400 K, and returns to its original 
level after exposure to air for 49 hours. The reduction in trapped-negative charge density 
(CNP shift towards negative values) observed in Figure 6.2 and decrease in noise observed 
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in Figure 6.3 are likely due to outgassing and desorption of water-related mobile impurities 
in through the graphene passivation layer239-240 and/or defect passivation due to hydrogen 
motion within the dielectric layers241. A noticeable peak is visible in Figure 6.3 at ~200-
225 K, corresponding to effective defect energies of 0.4 to 0.5 eV (upper x-axis). The 
breadth of the effective defect energy distribution implies that there is not a single defect 
type that dominates the response; in contrast, various hydrogen/water complexes are likely 
responsible for the shifts in CNP and increased noise. 
 
Figure 6.3. Normalized low-frequency noise magnitude Sv f/T at f = 10 Hz for the device 
shown in Figure 6.2 as a function of temperature for different baking conditions. Devices 
were measured at Vg – VCNP = -20 V. 
 
Now that a baseline for the graphene FET performance is established, including 
defect and impurity effects that are intrinsic to the device structure, an understanding of the 
impact of radiation can be obtained. Figure 6.4 shows Id-Vg characteristics as a function of 
dose rate at room temperature for graphene FETs passivated with 19 nm Al2O3. Prior to 
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irradiation, the FETs exhibit the characteristic electron conduction under positive gate 
biases and hole conduction at negative gate biases36. The deviation from 0 V of the CNP is 
primarily due to process-related charging at the graphene/insulator interfaces, which can 
be both positive or negative. For devices irradiated under a +5 and 0 V applied gate bias, 
the CNP shifts negatively (Figure 6.4 (a,b)), whereas the devices irradiated under a -5 V 
applied gate bias shifts positively (Figure 6.4 (c)). 
 
Figure 6.4. Id-Vg curves as a function of total ionizing dose for graphene FETs passivated 
with 19 nm Al2O3 for applied gate biases of +5 (a), 0 (b), and -5 V (c). Devices were 
irradiated with 10 keV X-rays at a dose rate of 30 krad(SiO2)/s with -5 V bias applied to 
the gate. 
 
 To this point, only the 19 nm Al2O3 passivated FETs have been discussed. The 
effects of the three different overlayers (4 nm Al2O3, 19 nm Al2O3, and 40 nm hBN) on 
each sample’s resulting CNP shift is summarized in Figure 6.5 for devices irradiated under 
+5, 0, and -5 V applied gate biases. For all passivation layers, the CNP shift is strongly bias 
dependent; all CNP shifts are negative under +5 and 0 V applied biases during irradiation 
and positive under -5 V applied bias during irradiation. This response is qualitatively 
similar to previous studies on radiation response of graphene transistors186, 188, 242. 
Additionally, a significant effect of the passivation layer on the resulting radiation response 
is observed. The unpassivated graphene devices exhibit the smallest CNP shifts when 
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exposed to X-rays for all bias conditions. The radiation response of the unpassivated 
devices are similar to those observed by Zhang et al., and can be ascribed to radiation-
induced electron trapping caused by oxygen atoms adsorbed on the graphene surface. 
Although the response of the hBN passivated devices are considerably larger in magnitude 
than the response reported by Zhang et al.188, the amount of trapped charge is weaker than 
both Al2O3 passivated devices; when factoring in the relative thicknesses of the passivation 
layers, it is clear that the hBN exhibits the least amount of charge trapping. The devices 
passivated with 19 nm Al2O3 exhibits the largest CNP shifts, indicating that they 
experience the strongest doping due to a high density of trapped charge. Whereas 
dehydrogenation during baking is expected to primarily occur at the over-layer graphene 
interface, radiation induced charge trapping should occur at both interfaces above and 
below the graphene. The negative CNP shifts for +5 and 0 V biases are likely due to 
radiation-induced hole trapping in either the underlying SiO2 or overlying Al2O3. 
Conversely, the positive shifts under -5 V biases are likely due to electron trapping that 
occurs at either interface. 
 
Figure 6.5. CNP shifts as a function of X-ray dose for devices irradiated under applied 





 To learn the specific defect types and energies and are responsible for the Al2O3 
devices observed behavior in Figure 6.5, 1/f noise measurements of each sample were 
performed. Figure 6.6 shows the low-frequency noise measurements for the 4 nm and 19 
nm Al2O3 passivated graphene FETs, as well as an unpassivated control FET, as a function 
of temperature. For all devices, peaks at defect energies of ~0.4 and ~0.7 eV are observed 
after 100 krad(SiO2) irradiation. The unpassivated devices shown in Figure 6.6 (c) exhibit 
an additional increase in noise magnitude at low temperatures. Of note, these noise peaks 
are not commonly observed when Si-based MOS devices are X-ray irradiated236, 243, 
suggesting that the observed peaks correspond to defects associated specifically with 
graphene and its interfaces, as opposed to bulk SiO2. 
 
Figure 6.6. Normalized low-frequency noise from 85 to 400 K at f = 10 Hz under various 
irradiation doses under -5 V applied gate bias. Devices with 4 nm and 19 nm Al2O3 are 
shown in (a) and (b), respectively. (c) corresponds to an unpassivated device. Black arrows 
note the position of defect-induced peaks in the noise with increasing dose. Devices were 
biased at Vg – VCNP = -20 V during noise measurements. 
 
 DFT calculations were performed in order to associate specific defect types with 
the observed 0.4 and 0.7 eV defect energies244. In particular, defect calculations revealed 
that a dehydrogenated oxygen site in the dielectric adjacent to the graphene film generates 
defect levels at 0.3 and 0.7 eV into the density of states of the system, which is consistent 
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with the observed defect energies obtained from the noise measurements shown in Figure 
6.6. The low temperature noise increase observed in the unpassivated device (Figure 6.6 
(c)) likely results from trap sites induced by adsorbed atmospheric molecules on top of the 
graphene. 
 It is known that hydroxyl radicals bind with a broad distribution on energy levels 
that are sensitive to microstructure in alumina245. Additionally, DFT studies in the literature 
have shown that adsorbed water at the graphene/Al2O3 interface traps negative charge from 
the graphene layer246. The CNP shifts positively after baking, which corresponds to a 
reduction of OH- ion density near the graphene/dielectric interfaces when exposed to high 
temperatures. Atmospheric exposure allows hydroxyls to return to that interface, restoring 
the doping density to the original value. Moreover, the DFT calculations performed by 
Wang et al.244 suggest that the presence of depassivated oxygen and oxygen vacancies can 
contribute to CNP shifts when exposed to X-ray radiation. As such, it is likely that both 
oxygen and hydrogen/water related defects are important in determining the radiation 
response and low-frequency noise in graphene transistors. 
 
6.2 Radiation Response of MoS2 TFET Heterostructures2 
The previous study on radiation effects on graphene FETs yielding valuable 
information concerning the oxide adjacent to the 2D film. However, the previously 
                                                 
2 Adapted with permission from Wang, P.; Perini, C.; O'Hara, A.; Gong, H.; Wang, P.; Zhang, E. X.; 
McCurdy, M. W.; Fleetwood, D. M.; Schrimpf, R. D.; Pantelides, S. T.; Vogel, E. M, Total-ionizing-dose 
effects and proton-induced displacement damage on MoS2-interlayer-MoS2 tunneling junctions. IEEE 
Transactions on Nuclear Science 2018, 66 (1), 420-427. 
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discussed radiation experiments focused on in-plane conduction of a heterostructure 
device, where the overlayers simply acted to passivate the 2D film from the environment. 
As such, the next logical step of investigating the radiation response to 2D heterostructures 
involves investigating heterostructure device architectures that operate on out-of-plane 
carrier conduction. 
To facilitate the investigation of radiation effects on out-of-plane heterostructure 
devices, the radiation response of the MoS2/interlayer/MoS2 tunnel junctions discussed in 
CHAPTER 5 was investigated. Heterostructures were fabricated using low-temperature 
400 oC synthesized MoS2, where the interlayer consists of either Al2O3 or HfO2. Notably, 
these structures require no transfer steps; the bottom layer MoS22 film are synthesized 
directly onto the bottom gold contacts, the interlayer dielectric is deposited using ALD, 
and the top layer MoS2 is synthesized directly onto the dielectric interlayer. Al2O3 and 
HfO2 were chosen for two reasons. First, the oxidation state of the metal is different for 
each dielectric. The previously discussed radiation studies on graphene FETs indicated that 
oxygen sites play a significant role in the radiation response of the device; the passivation 
state and vacancy concentration of oxygen in the dielectric significantly influences the 
behavior when exposed to ionizing radiation. Second, the work function of the two 
dielectrics is different, which should therefore yield different barrier heights at the 
MoS2/insulator interface and therefore yield different tunneling behavior. 
To fabricate the devices, 80 wells were etched into 300 nm SiO2 using SF6 plasma. 
Bottom gold contacts were e-beam evaporated into the wells, whereupon MoS2 was 
directly synthesized onto the gold using the technique described in CHAPTER 5. 2.71 nm 
of HfO2 and 2.78 nm of Al2O3 were deposited onto the bottom layer MoS2 via ALD. 
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Afterwards, a subsequent top MoS2 layer was directly synthesized onto the dielectric 
interlayer, and top gold contacts were deposited onto the top of the heterostructure using 
e-beam evaporation, yielding a total structure of Au/MoS2/interlayer/MoS2/Au. The 
resulting heterostructure is purely vertical, so that current flow tunnels between the MoS2 
layers predominantly out-of-plane. 
X-ray irradiation effects were first explored on the vertical tunnel junctions. Both 
heterostructures were irradiated with 30.3 krad(SiO2)/min X-rays at room temperature 
while biasing the drain contact at 0.3 V. Figure 6.7 (a,b) shows the Id-Vd behavior as a 
function of X-ray dose for the Al2O3 and HfO2 heterostructures, respectively. Markedly, 
no significant deviations in electrical behavior are observed with increasing dose for either 
sample for exposures up to 1 Mrad(SiO2), suggesting that these heterostructures are stable 
and not significantly influenced by X-ray irradiation. This result is in significant contrast 
to the in-plane graphene FETs examined in the previous study. 
 
Figure 6.7. Id-Vd curves as a function of X-ray total ionizing dose for MoS2 tunnel junctions 
with interlayer dielectrics of Al2O3 (a) and HfO2 (b). Devices were irradiated with 10 keV 
X-rays with 0.3 V bias applied to the drain during exposure. 
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 As the MoS2/insulator/MoS2 vertical heterostructures are strongly resistant to X-
ray irradiation, the next logical step is determining the tunnel junction’s response to proton 
irradiation. The heterostructures were exposed to increasing fluences of protons, up to 1014 
protons/cm2. Id-Vd device characteristics for each structure as a function of proton fluence 
are plotted in Figure 6.8. No significant changes in device behavior are observed for either 
structure for fluences up to 1013 protons/cm2. Further increasing the proton fluence induces 
an increase in current for the Al2O3 interlayer devices (Figure 6.8 (a)), whereas the HfO2 
interlayer devices exhibit no noticeably change in device behavior with increasing fluence 
(Figure 6.8 (b)). 
 
Figure 6.8. Id-Vd response as a function of proton fluence for MoS2 tunnel junctions with 
Al2O3 (a) and HfO2 (b) interlayers. The HfO2 devices exhibit a noticeably higher current 
density. 
 
 The device measurements shown in Figure 6.8 can be replotted in FN form, which 
yields information on the change in injection behavior with increasing proton fluence. 
Figure 6.9 plots the I-V data shown in Figure 6.8 in FN form. The inset of Figure 6.9 (a) 
shows the transition voltage between FN tunneling at high voltages (low 1/V) and direct 
105 
 
tunneling at low voltages (high 1/V) for the Al2O3 interlayer sample. A clear shift of the 
FN threshold voltage is observed for the Al2O3 interlayer sample, decreasing from 0.54 V 
to 0.48 V after receiving a proton fluence of 1014/cm2. Conversely, the HfO2 interlayer 
devices exhibited no change in FN threshold voltage. The fact that the Al2O3 devices 
exhibit a FN threshold voltage shift with increasing proton fluence while the HfO2 
interlayer devices do not strongly suggests that the changes in device behavior are defect 
related, and not due the indirect-to-direct band gap transition in MoS2 structures irradiated 
with 100 keV protons observed by Foran el al247. 
 
Figure 6.9. FN plots of the I-V data shown in Figure 6.8. The inset of (a) shows the 
evolution of the transition from direct tunneling to FN tunneling with increasing proton 
fluence. 
 
 The lack of X-ray radiation response in both heterostructures (Figure 6.7) suggests 
that ionizing-dose-induced depassivation of defect precursors plays little to no role in the 
radiation response of the heterostructure device’s behavior. In contrast, the noticeable 
response to proton irradiation in the Al2O3 interlayer heterostructure, but not the HfO2 
interlayer heterostructure, suggests that physical displacement damage (such as vacancy 
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formation) in the Al2O3 may lead to trap-assisted tunneling. The displacement of light 
atoms (i.e. oxygen) may create defect states with energy levels aligning close to the 
conduction band of the MoS2. 
 To understand the nature of the proton-induced defects, DFT calculations were 
performed using the VASP code248-249. The exchange-correlation functional was calculated 
using the Perdew, Burke, and Ernzerhof generalized gradient approximation250 with a van 
der Waals interaction correction251 and pseudopotentials252. A 550 eV plane-wave-cutoff 
energy was employed and a 2 x 2 x 1 k-point grid was used for Brillouin-zone integrations. 
Atomic positions were relaxed until all forces were less than 0.01 eV/Å. 
 Because the primary layer-dependent differences in the electronic structure of 
MoS2 occur between one and two layers, the MoS2 was represented as a bilayer for 
calculations. HfO2 was modeled using the monoclinic phase, and the θ-Al2O3 phase was 
chosen due to its lower density and oxygen-bond coordination allows for a better 
comparison with amorphous gate oxides253-254. The oxides were 1 nm thick oriented along 
the [100] direction, and the lateral dimensions were chosen to minimize interfacial strain 
with the MoS2. Both heterostructure models exhibit the expected type-I band alignment. 
 Oxygen vacancies in Al2O3 introduce two unique defect levels: a fully occupied 
level near the Al2O3 valence band and an empty level near the Al2O3 conduction band. 
These states are shown in Figure 6.10 (a) with respect to the MoS2 and Al2O3 band 
structures. Neither of these states are near the MoS2 conduction band, and therefore should 
not contribute to trap assisted tunneling. However, partial passivation of the oxygen 
vacancy by hydrogen causes significant shifts in the defect energy levels. These shifts can 
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be seen in Figure 6.10 (a) as the Vo + H states, which correspond to an unoccupied 
interfacial (I) and near interfacial (NI) which yield unoccupied states 0.24 eV above and 
0.2 eV below the MoS2 conduction band, respectively. Additionally, passivated oxygen 
vacancies in the bulk of the oxide, corresponding to the states labeled as B in Figure 6.10, 
yield an occupied state 0.05 eV below the MoS2 conduction band. Sources of hydrogen to 
passivate these oxygen defects by diffusing through the interface include lower energy 
protons from irradiation and hydrogen captured during ALD. Aluminas have previously 
been shown to easily absorb hydrogen255-256, and therefore partially passivated oxygen 
vacancies likely affect the increase in tunnel current after exposed to proton irradiation. 
 
Figure 6.10. Modeled band alignment and defect energies for relevant defects at the 
MoS2/Al2O3 (a) and MoS2/HfO2 (b) interfaces. The red oval in (a) highlights the defect 
levels most likely to contribute to trap assisted tunneling. 
 
 In the case of HfO2, oxygen vacancies introduce a hole trap 0.58 or 0.94 eV below 
the MoS2 conduction band for 3-fold and 4-fold coordinated vacancies, respectively. These 
defect levels can be seen in Figure 6.10 (b). When passivated, these defect energies move 
close to the HfO2 conduction band. In both the passivated and unpassivated vacancy cases, 
no defect states align closely with the MoS2 conduction band, and therefore these defect 
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states likely do not contribute to trap assisted tunneling in the tunnel junction 
heterostructures, which is consistent with the lack of irradiation response seen in Figure 
6.8 (b).  
  
6.3 Conclusions 
Graphene FETs were fabricated and subsequently passivated with hBN and Al2O3. 
Current-voltage and low-frequency noise measurements provide insights into the energy 
distribution of defects in graphene transistors. Charge trapping at the graphene/insulator 
interfaces results in CNP shifts, positively for negative bias irradiation and negatively for 
positive bias irradiation. The noise of these devices is described well by the Dutta-Horn 
model, consistent with a wide range of other microelectronic material systems. Both 
hydrogen-related impurities and oxygen defect complexes lead to significant changes in 
device behavior, indicating their relevance in performance, reliability, and radiation 
response of graphene-based heterostructure devices. In particular, the 2D/insulator 
interface was found to significantly influence device performance. 
Purely vertical MoS2 heterostructures were fabricated to further explore the 
2D/insulator interface. The MoS2 heterostructures demonstrated resilience to X-ray 
irradiation, where little to no response was observed for doses up to 1 Mrad(SiO2). When 
exposed to proton irradiation, Al2O3 interlayer devices exhibited a radiation response, 
where the FN tunnel current voltage threshold decreased with increasing proton fluence. 
Conversely, the HfO2 interlayer structures did not exhibit any response to proton 
irradiation. DFT calculations reveal that passivated oxygen vacancies in Al2O3 lead to 
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defect states closely aligned with the MoS2 conduction band, which likely contribute to 
trap assisted tunneling. No such defect states occur in HfO2, where both passivated and 
unpassivated oxygen vacancies yield defect energies strongly misaligned with the MoS2 
conduction band, consistent with the lack of observed device response to proton irradiation 
for the HfO2 interlayer structures. 
In summary, this work explored the effect of X-ray and proton irradiation on 2D 
heterostructure devices. These results indicate the importance of the interface between the 
2D material and surrounding dielectric. Various defect and impurity complexes can 
significantly influence device performance, and therefore understanding how surrounding 
layers impact 2D heterostructure device performance and reliability is of the utmost 
importance. Understanding the influence of these defects allows for engineering device 






CHAPTER 7. LOW TEMPERATURE SYNTHESIS OF SULFIDE 
HETEROSTRUCTURES 
To this point, the majority of the heterostructures discussed in this work have 
utilized MoS2 as the only 2D material in the structure. As stated previously, a significant 
benefit of 2D materials is the ability to stack arbitrary 2D layers onto one another. As such, 
adding a dissimilar 2D material is crucial to understand how defect effects influence 2D 
heterostructures with differing 2D layers. A significant amount of research has explored 
the MoS2/WS2 heterostructure system, notably for use in rectifying applications
61, 67, 73, 257. 
Therefore, this chapter will explore low temperature synthesis of WS2 and MoS2/WS2 
heterostructures and their associated device behavior. 
 
7.1 Low Temperature WS2 Synthesis 
In order to synthesized WS2 films at 400 
oC, the low temperature synthesis process 
for MoS2 discussed in CHAPTER 4 was adapted for a tungsten process. The synthesis 
process was simply altered, where tungsten was exchanged for molybdenum during each 
sputter cycle. Because tungsten deposits more slowly than molybdenum, each sputter step 
was performed for 16 seconds to yield a tungsten monolayer as opposed to the 12 seconds 
used for molybdenum. All other process parameters for each synthesis cycle, including H2S 
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plasma power and soak time, temperature, and chamber pressure, are identical to those 
used for MoS2 synthesis in CHAPTER 4. 
Figure 7.1 shows a representative Raman spectrum for a WS2 film synthesized on 
SiO2 using three synthesis cycles. The characteristic A1g and E
1
2g WS2 phonon nodes are 
visible at 417 cm-1 and 354 cm-1, respectively. The resulting peak separation of 63 cm-1 
agrees well with literature values observed in three layer WS2 films
258. This result further 
supports the previous finding of excellent thickness control via cyclic synthesis in our low 
temperature synthesis process.  
 
Figure 7.1. A representative Raman spectrum from a three cycle WS2 synthesized film. 
The A1g and E12g peaks are labeled. The y-axis shows Raman intensity in arbitrary units. 
 
 XPS measurements were performed on the tri-layer WS2 films in order to determine 
their stoichiometry. The fitted XPS spectra for the W 4f and S 2p peaks are shown in Figure 
7.2 (a) and (b), respectively. The same fitting method is used as described in CHAPTER 
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4, this time with tungsten specific parameters. The peak separation of the two W 4f 
doublets, corresponding to WS2 and WO3, is fixed at 2.1 eV, and the area ratio of the 4f
7/2 
to 4f5/2 is fixed at 4:3. The position of the two doublets relative to each other is 
unconstrained. The parameters of the W 5p3/2 are unconstrained. The S 2p spectrum was 
fit using the same parameters discussed in CHAPTER 4. 
 
Figure 7.2. Fitted XPS spectra of the W 4f (a) and S 2p (b) spectra for the three-layer WS2 
film synthesized at 400 oC. In (a), five peaks are used, corresponding to a WS2 W 4f 
doublet, a WO3 W 4f doublet, and a single W 5p3/2 peak. A single S 2p doublet is used to 
fit the spectrum in (b). 
 
 From the fitted XPS spectra shown in Figure 7.2, the stoichiometry of the film can 
be calculated using the same method as described earlier. By normalizing each element’s 
peak areas to its respective sensitivity factor (2.75 for W and 0.54 for S)216, the 
stoichiometry of the film can be determined to be WS1.96. The stoichiometry is nearly at 
the ideal 2:1 ratio, again indicating that the low temperature synthesis procedure yields 
nearly stoichiometric material. 
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 The Raman and XPS results shown in Figure 7.1 and Figure 7.2 indicate that 
exchanging the transition metal sputtering step from molybdenum to tungsten does not 
significantly influence the synthesis process. As such, it is likely that MoS2 and WS2 
synthesis can be integrated to directly synthesize heterostructures without either material 
significantly influencing the synthesis of the other. These results suggest that low 
temperature heterostructure synthesis is feasible, and therefore should be investigated. 
 
7.2 Heterostructure synthesis 
The results presented in the previous section suggest that synthesizing MoS2/WS2 
heterostructures at 400 oC using the previously discussed synthesis method is feasible. In 
order to test this hypothesis, two six cycle syntheses were performed on SiO2 substrates to 
yield three-layer by three-layer MoS2/WS2 and WS2/MoS2 heterostructures, where the 
material listed first corresponds to the material synthesized first. The heterostructures were 
synthesized at 400 oC, using the same synthesis parameters discussed in the previous 
section and CHAPTER 4 for WS2 and MoS2, respectively. 
 Raman spectra for the as grown three-layer MoS2, three-layer WS2, and both six-
layer heterostructures are shown in Figure 7.3 (a). From inspection, it is clear that 
characteristic phonon nodes for both MoS2 and WS2 are present in both heterostructure 
orientations, indicating successful heterostructure synthesis. Interestingly, the bottom 
material that was synthesized first exhibits a stronger Raman response that dominate the 
spectrum for both heterostructure orientations. In addition, the peak separations of the 
individual MoS2 and WS2 spectra are approximately one wavenumber smaller than the 
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corresponding peak separations of the MoS2 and WS2 peaks doublets in both 
heterostructure Raman spectra. This increase in peak separation for the heterostructure 
spectra indicates that the electronic structure of the individual materials behaves as if the 
individual materials are thicker than they actually are259. That is, the three-layer MoS2 and 
WS2 layers in the heterostructures behave closer to a bulk film as opposed to two 
independent three-layer films. This interaction is relevant for implications involving the 
material’s band structure, as stated earlier46. Nevertheless, it is apparent that both individual 
materials exist independently in both heterostructure orientations. 
 
Figure 7.3. (a) Raman spectra of three-layer WS2, three-layer MoS2, and both three-by-
three-layer heterostructures. The peak positions the MoS2 and WS2 peak doublets are noted 
by the blue and pink dashed lines, respectively. The Mo 3d and W 4f XPS spectra of both 
heterostructures is shown in (b). 
 
 The Mo 3d and W 4f XPS spectra for both heterostructure orientations are shown 
in Figure 7.3 (b). From inspection, it is clear that the chemical composition of both layers 
is independent of heterostructure orientation (i.e. synthesis order). The Mo 3d spectra for 
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both heterostructure orientations exhibit minimal MoO3 contributions, evidenced by the 
lack of significant peak signal at 236 eV. Similarly, the satellite peak at 38 eV for both W 
4f spectra is primarily composed from the W 5p3/2 and does not exhibit significant WO3 
contributions. In addition, the stoichiometry of the entire heterostructure can be determined 
by normalizing the peak area of the Mo 3d, W 4f, and S 2p (not shown) spectra. Because 
the peak positions of the MoS2 and WS2 S 2p doublets are essentially degenerate, it is not 
viable to calculate each material’s individual stoichiometry. Instead, a “total” 
stoichiometry of the heterostructure can be obtained, by normalizing the S 2p doublet area 
to the sum of the Mo 3d and W 4f doublet’s areas. Doing so yields a “total” stoichiometry 
of the MoS2/WS2 heterostructure of 1:1.97, and a “total” stoichiometry of the WS2/MoS2 
heterostructure of 1:1.98. While it is possible that the individual material’s stoichiometries 
differ, the fact that both heterostructure orientations yield similar nearly stoichiometric 
atomic ratios, in addition to the minimal transition metal oxide signal for both molybdenum 
and tungsten in both heterostructure orientation, suggests that the “total” heterostructure 
stoichiometry mirrors each material’s individual stoichiometry. 
 To further explore the band structure of the heterostructures, PL measurements 
were performed on the tri-layer MoS2 and WS2 as well as both heterostructures. The PL 
response for the four samples are shown in Figure 7.4. Characteristic photon emissions 
energies corresponding to the A and B photon nodes at 625 and 675 nm, respectively, are 
visible for the three-layer MoS2, consistent with the results seen in Figure 4.4. In addition, 
a characteristic WS2 PL peak is visible at 625 nm, consistent with results found in the 
literature260-262. The 625 nm peak corresponds to a photon emission of 2 eV, indicating that 
116 
 
the synthesized WS2 also exhibits a consistent band structure and band gap with films in 
literature synthesized at high temperatures. 
 
Figure 7.4. PL response of tri-layer MoS2 and WS2, as well as both heterostructure stacks. 
The A and B photon peaks are visible for MoS2 at ~625 and ~675 nm. 
 
When the MoS2 and WS2 films are coupled into a heterostructure, the resulting PL 
peak intensity is significantly quenched. This quenching is observed in both heterostructure 
orientations, again indicating that synthesis order does not strongly influence either 
material. This quenching has been associated with exciton dissociation, where excited 
carriers migrate across the p-n junction formed at the MoS2/WS2 interface to their 
associated lower energy levels263-264. When the excitons dissociate and split, no carriers 
coexist locally to recombine and emit photons, effectively diminishing PL response. The 
fact that the low temperature synthesized heterostructures exhibit PL quenching suggests 
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that the MoS2 and WS2 have homogeneous band structures and form a clean junction, 
successfully forming a p-n junction at the interface. However, because increasing a TMD’s 
thickness by adding layers shifts its band structure from a direct to indirect band gap, 
thicker TMDs commonly exhibit minimal PL response265-266. As stated previously, the 
increase in Raman peak separation for the heterostructures compared to the peak separation 
for the individual materials (Figure 7.3 (a)) indicates that the separate materials behave as 
though they are thicker than they actually are. As such, it is entirely possible that the 
observed PL quenching in Figure 7.4 is due to an effective increase in film thickness, 
further decreasing the changes for exciton recombination at the optical bandgap. At this 
point, it is difficult to concretely determine the mechanism driving the PL quenching. 
In order to suppress direct tunneling across the TMD layers, thicker 
heterostructures were synthesized for device measurements. The thickness of the 
heterostructure was doubled, where six layers of both MoS2 and WS2 were synthesized 
layer-by-layer utilizing a 12-step synthesis process. An XPS depth profile of a MoS2/WS2 
heterostructure (MoS2 synthesized before WS2), shown in Figure 7.5, was performed to 
investigate the discretization of the two TMD layers. The atomic fractions shown in Figure 
7.5 are calculated by integrating the total peak area of each element and normalizing the 
area the element’s sensitivity factor. It is important to note that because the sampling depth 
of the XPS used is relatively deep (> 5 nm), each measured point consists of a convolution 




Figure 7.5. XPS depth profile of a 12-layer MoS2/WS2 heterostructure, as synthesized on 
a SiO2 substrate. 
 
 The depth profile shown in Figure 7.5 reveals that the heterostructure was 
synthesized successfully, where relatively discretized molybdenum and tungsten regions 
can be seen. Between seconds 0 and 35 of sputtering, primarily tungsten is detected, with 
a relatively small contribution of signal coming from molybdenum. At around 50 seconds 
of sputtering, the molybdenum signal overtakes the tungsten, indicating that the 
measurement has reached the underlying MoS2. However, it is important to note that a 
significant amount of tungsten signal is detected during seconds 50 – 100. The residual 
tungsten signal suggests that the second transition metal sputtered does intercalate into the 
initial TMD. That is, tungsten sputtered onto MoS2 will diffuse into the MoS2, yielding a 
MoxW1-xS2 alloy. These alloys have been investigated for bandgap engineering
267, however 
the alloying observed in this case likely muddles the MoS2/WS2 interface and may 
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negatively impact device characteristics. Nevertheless, two distinct regions corresponding 
to molybdenum and tungsten sulfides are observed, indicating that the transition metal 
interdiffusion does not persist to the extent of forming a uniform alloyed film across the 
entire depth of the structure.  
In addition, the total sulfur signal seen in Figure 7.5 is consistently approximately 
twice as strong as the combined signal from both transition metals, further indicating that 
the synthesized TMDs are close to stoichiometric. A sharp transition is observed at 
approximately 115 seconds, where the transition metal and sulfur signals decrease and are 
overtaken by the silicon and oxygen signals from the substrate. Notably the sulfur signal 
decreases more rapidly than the transition metals, due to the preferential sputtering of sulfur 
compared to transition metals268. The lack of significant molybdenum, tungsten, and sulfur 
signal in the substrate region indicates that the synthesis has minimal effect on the 
underlying SiO2. This result is important in demonstrating that this synthesis process can 
be ported to similar oxide substrates (for example high-k dielectrics) without concerns of 
altering the electronic properties of the oxide. As such, any effects due to modifying the 
interlayers of the directly synthesized heterostructures discussed in CHAPTER 5 and 
CHAPTER 6 can be assumed to be minimal. 
To study the electrical performance of the thick heterostructures, purely vertical 
heterostructures were fabricated from the 12-layer stacks. Because films synthesized on 
SiO2 substrates are of higher quality, the films synthesized on SiO2 substrates were utilized 
for device fabrication. The 12-layer stack was transferred onto gold contacts, after which 
top gold contracts were electron beam deposited on top of the heterostructure, resulting in 
a full device architecture of gold/MoS2/WS2/gold, from bottom to top. 
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The device characteristics for four different thick MoS2/WS2 heterostructures are 
shown in Figure 7.6. Although there is some variance in current density between the four 
devices, the behavior for each device is symmetric and does not exhibit the expected 
rectification characteristics. It is possible that the absence of rectification can be due to a 
lack of a well-defined interface between the two TMDs. In the absence of a pristine, 
discrete interface between the two different materials, it is probable that carriers are not 
impeded from injecting to the opposite material as they would be in a typical type-II band 
alignment. Due to the potential for transition metal intermixing, the current method of 
synthesis involving sputtering each transition metal is likely not well-suited for achieving 
discrete heterostructure synthesis with well-defined interfaces. 
 
Figure 7.6. I-V characteristics of four 12-layer MoS2/WS2 heterostructure devices. Some 
variance in current density can be seen between individual device measurements, although 




Perhaps more interesting than the lack of rectification in the 12-layer 
heterostructure devices is the symmetry of the device in the positive and negative bias 
regimes. The nonlinearity in the I-V relationship shown in Figure 7.6 indicates that the 
devices’ operation is predicated on tunneling across a barrier. One common source of 
tunneling is the Schottky barrier at the TMD/metal interfaces. Although the MoS2/WS2 
interface is not as sharp as intended, the two gold/TMD interfaces should be dissimilar, 
based on the depth profile shown in Figure 7.5; one interface is predominantly MoS2/gold, 
while the opposite interface is WS2/gold. Because the work functions and electron affinities 
of MoS2 and WS2 differ, the Schottky barrier height formed at both interfaces should be 
different, which in turn should yield asymmetric injection behavior. The fact that the 
observed behavior in Figure 7.6 indicates that there is an additional mechanism influencing 
the gold/TMD interfaces, enabling symmetric behavior in both bias regimes. 
One possible explanation for the symmetric behavior seen in Figure 7.6 is rooted 
in Fermi level pinning at the TMD/metal interfaces. It has been demonstrated that defects 
in TMDs can pin the work function of a coupled metal close in energy to defect levels, 
reducing the effective barrier height at the interface158-159. Our material synthesized at 400 
oC has been shown to be highly defective (CHAPTER 4), so it is highly likely that Fermi 
level pinning effects play a significant role in determining each TMD metal interface. 
 To further investigate the tunneling mechanisms and potential pinning effects 
responsible for device operation, temperature dependent measurements were performed on 
the 12-layer MoS2/WS2 heterostructure devices. Figure 7.7 (a) plots the I-V relationship of 
a 12-layer heterostructure device measured at 300 K and 77 K. When measured at low 
temperatures, the device maintains its symmetric behavior in both the positive and negative 
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bias regimes. However, the I-V relationship clearly exhibits a temperature dependence, 
where the slope of the I-V curve changes between the two measurement temperatures. 
 
Figure 7.7. (a) Device behavior of a 12-layer MoS2/WS2 heterostructure, measured at 
temperatures of 77 and 300 K. (b) FN plot of the device data shown in (a) for both 
measurement temperatures. The inset shows a zoomed in view of 1/V values close to 0. 
The minimum corresponds to the FN threshold voltage, which can be extracted as 0.19 and 
0.46 V for the low and high temperature measurements, respectively. (c) A simplified band 
alignment of the heterostructure, where defects in the MoS2 and WS2 pin the Fermi level 
across the structure. Note that built-in potentials and band bending at interfaces is ignored 
for simplicity in this diagram. The band diagram is not to scale. 
 
This temperature dependence is can be further explored by re-plotting the I-V 
response shown in Figure 7.7 (a) in FN form. Figure 7.7 (b) shows the I-V response of a 
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12-layer heterostructure device as a function of measurement temperature in a FN pot; the 
inset shows a zoomed in view of the low 1/V (high V) region. As discussed earlier, the 
minimum in the I-V relationship in FN form represents the transition between thermionic 
emission and direct tunneling to FN tunneling, where FN tunneling occurs at higher 
voltages. The temperature dependence of the FN threshold voltage can yield information 
on the effective barrier height, which will be discussed in more detail later. As seen in the 
inset of Figure 7.7 (b), the FN threshold voltage in MoS2/WS2 heterostructure devices is 
moderately dependent on temperature, where the threshold voltage shifts from 0.19 V at 
77 K to 0.46 V at 300 K. The moderate temperature dependence suggests that the height 
of the tunnel barrier restricting current flow is at least a few tenths of an eV, which is 
discussed in more detail in CHAPTER 8. Because the device behavior is symmetric in both 
bias regimes, it is likely that this effective barrier height is the same for both directions of 
electron injection. 
To fully understand the mechanism yielding the symmetric device behavior, the 
potential pinning effects must be correlated to the symmetric injection behavior. To present 
a more complete picture of the effects taking place, a rudimentary band structure of the 
entire heterostructure can be constructed, which is shown in Figure 7.7 (c). It is important 
to note that this band structure is simplified, where effects such as band bending and built 
in potentials are ignored. However, this representation is sufficient for understanding the 
mechanisms that yield symmetric behavior in these heterostructure devices. 
When sulfur vacancies exist in MoS2 and WS2, defect states are introduced into the 
band gap. These defect states differ in energy relative to the valence and conduction bands 
of each material. In the case of MoS2, a shallow donor state is introduced that is nearly 
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degenerate with the conduction band edge; conversely, VS in WS2 introduce midgap states 
that lie around 0.4 eV below the conduction band minimum269. However, both defect states 
reside close to one another in energy with respect to the vacuum level, meaning that when 
MoS2 and WS2 are coupled, the VS states in both material align closely to one another
257, 
269. These defect levels are represented as red Xs in Figure 7.7 (c). 
As previously noted, the MoS2 and WS2 synthesized at 400 
oC is very defective, 
and therefore the density of sulfur vacancies is likely high. In the case of a high defect 
density, the density of states at the associated defect state energies is proportionally high. 
Therefore, the it is likely that strong Fermi level pinning occurs when a metal is coupled to 
this material. When a metal is strongly pinned, the work function of the metal (and 
therefore the Fermi level in the semiconductor) is raised to the defect state energy. 
However, because the defect energies in MoS2 and WS2 are closely aligned in energy space, 
the Fermi level is pinned to a single energy across the structure. The Fermi level is shown 
pinned close to the defect energies in Figure 7.7 (c). Note that the band diagram and 
associated energy levels are not drawn to scale. 
Because the work function of the metal, and therefore Fermi level in the MoS2, lies 
close in energy to the conduction band minimum, electrons can easily inject directly into 
the MoS2 conduction band. Therefore, any tunneling that occurs in the heterostructure 
under an applied bias consists solely of electrons tunneling across the WS2 layer. As such, 
the tunnel barrier height in the two bias regimes consists of the difference in the conduction 
bands of MoS2/WS2 and the difference between the WS2 conduction band and gold work 
function coupled to the WS2. Because the defect states in MoS2 align closely with the defect 
energies in WS2, the work function of the gold coupled with the WS2 aligns with the work 
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function of the gold coupled to the MoS2, and therefore the MoS2 conduction band as well. 
Consequently, the two barrier heights on both WS2 interfaces are equal, which then results 
in the symmetric tunneling behavior in both bias regimes observed in Figure 7.6. 
This pinning behavior is also consistent with the device results shown in Figure 5.3. 
In the gold/MoS2/gold heterostructure using MoS2 synthesized at 400 
oC, the conduction 
across the structure is ohmic in both the high and low resistance states. Schottky barrier 
effects are commonly observed in metal/TMD interfaces, giving rise to an exponential I-V 
relationship due to tunnel-based injection across the Schottky barrier270. However, the 
MoS2 heterostructures fabricated using 400 
oC shown in Figure 5.3 exhibit purely ohmic 
behavior and do not show any exponential injection behavior. This behavior is well 
described by band alignment due to pinning shown in Figure 7.7 (c), further supporting the 




In this chapter, WS2/MoS2 heterostructures synthesized sequentially at low 
temperatures were investigated. Initially, WS2 synthesis at 400 
oC was demonstrated using 
the technique discussed in CHAPTER 4 by exchanging the molybdenum sputter step for a 
tungsten sputter step. Similar control over thickness was observed by cyclically 
synthesizing WS2 layer-by-layer. The WS2 exhibited high stoichiometry, indicating that 
the two-step synthesis technique can also be ported to additional TMD systems. 
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WS2/MoS2 heterostructures were directly synthesized layer-by-layer. Raman 
measurements indicate that discrete MoS2 and WS2 regions exist in heterostructures 
synthesized in both MoS2/WS2 and WS2/MoS2 orientations. However, both three-layer 
MoS2 and WS2 exhibit electronic structures akin to 6-layer films. The similarities in atomic 
structure between MoS2 and WS2 appear to couple the material together such that they do 
not behave as independent materials adjacent to each other, but rather separate materials 
with an electronic structure corresponding to the total thickness of the heterostructure. XPS 
measurements indicate that the “total” stoichiometry of the structure is independent of 
synthesis order, and that the total structure maintains a near-stochiometric atomic ratio. 
However, XPS depth profiling reveals that some amount of transition metal intermixing 
occurs, indicating that the sputter-based synthesis approach used for low temperature 
synthesis may not be suitable for heterostructure synthesis with dissimilar transition metals. 
However, discrete molybdenum and tungsten rich regions can be seen, indicating that the 
intermixing does not fully alloy the entire structure. 
Electrical measurements of the MoS2/WS2 heterostructures do not yield the 
expected rectifying behavior, and moreover exhibit a symmetric I-V relationship. The 
behavior is exponential, indicating that the device operates on tunneling across a barrier. 
Temperature dependent measurements reveal that the FN threshold voltage and I-V 
behavior changes between high and low temperature measurement conditions, suggesting 
a non-trivial barrier height. By visualizing band alignment of the full heterostructure, it is 
apparent that sulfur vacancies introduce defect states that strongly pin the Fermi level 
across the structure and enable direct electron injection into the conduction band of the 
MoS2. In addition, the defect states in MoS2 and WS2 align in energy, leading to a 
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symmetric tunnel junction across the WS2 from the MoS2 conduction band to the opposite 
gold contact.  
These results indicate that sulfide heterostructures can be successfully synthesized 
at low temperatures, although there is significant room for optimization to limit intermixing 
and reduce defect density. In addition, these experiments highlight the relevance of Fermi 
level pinning at the metal/TMD interface, in particular its relevance when working with 






CHAPTER 8. FERMI LEVEL PINNING AT THE MOS2/METAL 
INTERFACE 
An important consideration for all heterostructure devices is the influence of Fermi 
level pinning at the metal/semiconductor interface. The pinning studies found in the 
literature discussed previously explored defect effects on pinning strength, and 
demonstrated atomic scale inhomogeneities in the effective barrier height between the 
MoS2 and metal contact. However, little work has been conducted to investigate the effect 
of wafer-scale MoS2 quality (i.e., quality differences on a scale larger than 10 µm) on 
pinning and the resulting device behavior. The results shown in CHAPTER 7 demonstrate 
the impact that Fermi level pining can have in heterostructure devices, especially when 
working with lower quality material. Therefore, this work explores the impact of wafer-
scale MoS2 quality on Fermi level pinning. MoS2 of varying qualities are synthesized and 
subsequently characterized using Raman spectroscopy and XPS. Symmetric and 
asymmetric purely vertical heterostructure devices are fabricated from both film qualities, 
and their electrical characteristics are measured and modeled to determine the dominant 
injection mechanism. UPS is used to probe the work function of the metal/MoS2 interfaces, 
which show consistency with the electrical measurements by revealing lower effective 
work functions of metal in contact with low-quality MoS2. Whereas the previous chapters 
focused on material synthesized at low temperature, this chapter will explore Fermi level 
pinning effects in MoS2 films synthesized at higher temperatures. As Fermi level pinning 
is a subtler mechanism, high temperature synthesized films are used in order to mitigate 
any effects unrelated to pinning. 
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8.1 Purely Vertical Heterostructure Device Operation 
The device architecture utilized for this pinning study is the simple two-terminal 
metal/TMD/metal heterostructure, shown in Figure 8.1 (a) for the case of MoS2. As stated 
earlier, current flow through this device is purely vertical and out-of-plane; no lateral 
current transport occurs through the MoS2. The three injection mechanisms (Direct 
tunneling, TE, and FN injection) are represented by the band diagram of the heterostructure 
device shown in Figure 8.1 (b). With sufficient MoS2 thickness (greater than ~5 nm), direct 
tunneling is mitigated and carrier injection is limited to TE and FN injection. Both of these 
injection mechanisms strongly depend on the Schottky barrier height, which in turn can be 
influenced by pinning effects. Therefore, different levels of pinning strength should yield 
different injection behavior, and therefore different device characteristics. 
 
Figure 8.1. (a) Schematic of a metal/TMD/metal purely vertical heterostructure, with 
MoS2 as the TMD. The associated band structure of the device is shown in (b). The three 
forms of carrier injection are shown via colored arrows along with their associated energy 





8.2 Synthesis of Varying Quality MoS2 Films 
To generate MoS2 films of various qualities, MoS2 synthesis was performed at 
“low” (700 oC) and “high” (900 oC) temperatures68. Molybdenum (1 nm) was evaporated 
onto a thermally grown SiO2 by electron beam evaporation. The thin film was placed in a 
tube furnace along with a quartz crucible with 50 mg of sulfur powder (sigma-Aldrich). 
The furnace was evacuated to a base pressure of 10-6 Torr and then backfilled with argon 
to 5 Torr. The chamber was then sealed, and the temperature was increased to the desired 
synthesis temperature (700 and 900 oC), whereupon temperature was held for 1 hour before 
cooling under argon. 
Representative Raman spectra for each synthesis are shown in Figure 8.2 (a). The 
peak separation between the out-of-plane A1g phonon node and the in-plane E
1
2g phonon 
node yields film thickness information215. Both the high and low temperature synthesized 
MoS2 yield spectra with a peak separation of 23.4 cm
-1, consistent with three-layer MoS2. 
Minor variation over the full 2 x 2 in2 wafer was observed, with an inhomogeneity of only 
± 0.2 layers measured. The FWHM of both peaks also yields qualitative information about 
the physical structure of the film, with sharper peaks indicating higher quality material103, 
213. As noted in Figure 8.2 (a), the 900 oC MoS2’s A1g and E
1
2g FWHMs are both sharper 
and closer to values obtained from exfoliated geological MoS2 crystals than the 700 
oC 




Figure 8.2. (a) Raman spectra for the 900 and 700 °C synthesized MoS2. Peak widths for 
the A1g and E
1
2g peaks are shown, with uncertainty on the order of ±0.04 cm
−1. (b) XPS 
Mo 3d and S 2p spectra for the 900 and 700 °C synthesized MoS2, including the peak fits 
for the 900 °C synthesis. The Mo 3d spectrum includes the S 2s contribution as well as the 
MoS2 and MoO3 Mo 3d doublets. The S 2p is fit with a single S 2p doublet. 
 
To determine the stoichiometry of the MoS2, XPS was performed on the 
synthesized films. Figure 8.2 (b) shows the Mo 3d and S 2p XPS spectra for the 900 and 
700 oC synthesized MoS2, as well as the fit for the 900 
oC spectra. To fit the Mo 3d 
spectrum, five standard peaks are used: The S 2s found at approximately 227 eV, a Mo 3d 
doublet corresponding to the MoS2 Mo 3d
5/2 and 3d3/2 peaks, and a second Mo 3d doublet 
corresponding to the MoO3 Mo 3d
5/2 and 3d3/2 peaks271. The peak separation of each Mo 
3d doublet between Mo 3d5/2 and 3d3/2 is held constant at 3.1 eV, and the area ratio between 
the peaks is fixed at 1.5:1. Additionally, the peak widths of all four Mo 3d peaks are 
constrained to be the same. The position of each doublet relative to the other, as well as the 
S 2p peak, is allowed to change. All parameters corresponding to the S 2p peaks were 
unconstrained. Similarly, the S 2p spectrum is fit with a single doublet corresponding to 
the S 2p3/2 and 2p1/2 peaks, with the peak separation fixed at 1.18 eV, the peak widths 
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constrained to be the same, and the area ratio between the S 2p3/2 and 2p1/2 fixed at 2:1. 
Both the Mo spectrum and S spectrum are consistent with the position and peak shapes of 
the semiconducting 2H phase of MoS2
48. 
The stoichiometry calculation was performed by normalizing the area of the MoS2 
Mo 3d doublet by molybdenum’s sensitivity factor (2.75), by normalizing the area of the 
S 2p doublet by sulfur’s sensitivity factor (0.54),216 and taking the ratio of the normalized 
peak areas. Doing so for 900 oC MoS2 yields a stoichiometry of 1.99:1, nearly at the 
perfectly stoichiometric 2:! Ratio. The Mo 3d and S 2p spectra for 700 oC MoS2 are nearly 
identical in peak shapes, positions, and relative intensities, and the stoichiometry 
calculation from the fitted spectra yield an atomic ratio of 1.98:1. 
The difference in Raman peak widths and similarity in stoichiometries between the 
700 oC and 900 oC MoS2 indicates that the primary difference in quality between the two 
films involves atomic structure and grain size103. The 700 oC film therefore has a higher 
density of grain boundaries, which typically are Mo-terminated and are high-energy 
sites272-273. 
 
8.3 Symmetric Heterostructure Device Behavior 
To study the effects of Fermi level pinning in metal/MoS2/metal heterostructure 
devices, purely vertical two-terminal heterostructures were fabricated in a cross-point 
architecture, shown optically in Figure 8.3 (a). Each set of 8 cross-bars (4 bottom and 4 
top) yield 16 devices per array, with a single device located at the intersection of each 
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cross-bar. Each cross-bar has a width of 10 µm, resulting in an active device area of 100 
µm2. Planar, three-layer MoS2 was repeatedly transferred using a standard wet transfer 
method15 to yield approximately 6 nm of MoS2 encapsulated between top and bottom 80 
nm gold contacts. Each intersection of cross-bars results in the same device structures 
shown in Figure 8.1 (a), which consists of van der Waals MoS2 stacked vertically between 
symmetric gold contacts. 
 
Figure 8.3. (a) Optical image of a cross-point array of purely vertical heterostructures. 
Each intersection between cross-bars is a single active device. Temperature dependence of 
I−V measurements for the 900 (b) and 700 °C (c) MoS2 vertical structures. Measurements 
were conducted at temperatures ranging from 100 K (black curves) to 400 K (red curves) 
in increments of 30 K. 
 
 As discussed previously, the current through the vertical heterostructures is due to 
a combination of FN and TE injection. FN injection is a process that follows an exponential 
tunneling form 
 














where V is the applied bias, m is the carrier effective mass, ℏ is the Plank constant, d is the 
Schottky barrier width, and φ is the Schottky barrier height (SBH)231, 265, 274-277. Because 
the FN tunnel current is dependent on the integral of the difference in Fermi functions in 
the metal and MoS2, FN tunnel current can be regarded as temperature-independent. 
Therefore, FN injection should contribute equally to current density across all 
measurement temperatures25. In contrast, TE injection is a temperature-dependent process 
and is of the form 
 𝐼𝑇𝐸 =  𝐴
∗𝑇2𝑒−𝑞𝜑 𝑘𝑇⁄ (𝑒𝑞𝑉 𝑘𝑇⁄ − 1)  
8.2 
 
where A* is the Richardson constant, T is the temperature, and k is the Boltzmann 
constant276, 278-279. Both FN and TE injection mechanisms are dependent on the effective 
barrier height at the metal/MoS2 interface, and therefore any changes in the barrier height 
due to Fermi level pinning should influence both injection mechanisms. 
 The temperature dependence of the current-voltage relationship is shown for both 
high- and low-temperature MoS2 devices in Figure 8.3 (b,c). The 900 
oC MoS2 devices 
exhibit a strong temperature dependence across the temperature range of 100-400 K. 
Conversely, the 700 oC MoS2 exhibits essentially no temperature dependence. 
Additionally, the current density at all temperatures for the 700 oC MoS2 is similar in 
magnitude to that for the 900 oC MoS2 at high measurement temperatures (i.e., >340 K). 
 An alternative way to view the I-V data shown in Figure 8.3 is in an FN plot. By 
viewing the I-V data in a ln(I/V2) versus 1/V form, the transition between FN tunneling and 
TE injection can be observed as the minimum in the ln(I/V2) curve231, 280. The temperature 
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dependence of the 900 oC MoS2 devices is shown in Figure 8.4 (a). From inspection, two 
distinct features immediately visible in the data. First, the strong temperature dependence 
is again visible, with increasing temperature giving rise to larger current densities. The 
second feature is subtler: the FN threshold voltage shifts to higher voltages with increasing 
temperature, as highlighted by the blue triangle. Alternatively, this phenomenon can be 
described as the FN threshold voltage shifting to lower voltage values with decreasing 
temperature. This shift agrees with the conventional understanding of carrier injection; by 
decreasing the temperature, TE injection is mitigated and less FN tunnel current is required 
to dominate the I-V relationship281-282. The I-V characteristics of the 700 oC MoS2 devices 
are shown in Figure 8.4 (b). In contrast to the 900 oC MoS2 devices, the 700 
oC devices not 
only exhibit minimal temperature dependence, but the FN threshold voltage also does not 
exhibit the same shift to higher voltage values with increasing temperature. The lack of FN 
threshold dependence on measurement temperature exhibited by the 700 oC MoS2 devices 
as well as the strong FN threshold temperature dependence exhibited by the 900 oC MoS2 
devices is shown in Figure 8.4 (c). For the 900 oC devices, the voltage required to shift 
from TE injection to FN injection increases from 0.2 V to nearly 0.7 V from 130 to 400 K. 
Conversely, the 700 oC devices show no apparent temperature dependence, where the FN 




Figure 8.4. FN plots of the temperature dependence of the I−V relationship for 900 (a) and 
700 °C (b) devices. The FN injection regime is highlighted in (a) by the blue triangle. The 
temperature dependence in (b) is essentially nonexistent. The FN threshold voltage at each 
temperature for both MoS2 films is shown in (c). Error bars are smaller than the shown data 
points. 
 
 The disparity in temperature dependence between the high- and low-quality MoS2 
devices suggests that the low-quality MoS2 devices are dominated by a temperature-
independent mechanism, whereas the high-quality MoS2 devices have contributions from 
both temperature-independent and -dependent mechanisms. To verify that these two 
mechanisms of injection are consistent with the observed behaviors of the 900 and 700 oC 
MoS2 devices, device modeling was performed to fit the measured I-V data. 
 From eq. Error! Reference source not found., the barrier height at the gold/MoS2 
interface can be extracted using the slope of the high voltage FN regime of the ln(I/V2) 
versus 1/V trendline. Rewriting eq. Error! Reference source not found. yields 
 










where d is the FN barrier width. From the slope of the linear portion of the trendline in the 
low 1/V regime, an effective barrier height can be extracted, given an effective electron 
mass and Schottky barrier width. An effective mass ratio of 0.18m*/mo is used, as per the 
results of Zhu et al231. This specific value is chosen because the effective mass was 
calculated specifically in the out-of-plane direction, corresponding to the orientation of 
current flow in these purely vertical heterostructures. An effective barrier width of 0.3 nm 
is used, as per the study by Ahmed et al275. Ahmed et al. utilized 14 nm-thick MoS2 flakes 
in their experiments, a thickness that produced interface characteristics analogous to “bulk” 
MoS2 contacted with metal. Similarly, this work uses relatively thick MoS2 films, so values 
corresponding to the interaction between “bulk” MoS2 and metal are essential. By taking 
the slope of the linear portion of the trendline in the low 1/V regime, using the out-of-plane 
effective mass for MoS2 calculated by Zhu et al.
231 and the barrier width determined by 
Ahmed et al.275, the effective barrier height can be extracted for the gold/MoS2 interface 
for both the high- and low-quality MoS2 devices. Specifically, a barrier height of 0.44 eV 
is extracted for the high-quality MoS2/gold interface, whereas a height of 0.18 eV is 
extracted for the low-quality MoS2 interface. 
 Using the extracted effective barrier heights determined from the FN injection 
portion of the I-V characteristics, contributions from both FN and TE injections can be 
modeled and compared to the measured device data using eqs. Error! Reference source 
not found. and 8.2, respectively. Figure 8.5 (a) shows the experimental device 
characteristics of the 900 oC MoS2 devices measured at 130 and 500 K in a FN plot form. 
The single FN contribution and the two temperature-dependent TE contributions are 
superimposed, where TE injection dominates at low voltages (high 1/V values) and FN 
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injection dominates at high voltages (low 1/V). the modeled FN injection follows the 
description of the FN tunnel current well: a linear regime at high biases followed by a 
levelling off at low biases. Similarly, the modeled TE contributions align well with the 
experimental data, dominating injection behavior at low biases before being overtaken by 
FN injection at larger biases. The modeled device characteristics agree well with the 
measured behavior, indicating that FN and TE injections are the mechanisms that dictate 
device behavior. In addition, the effective SBH of 0.44 eV extracted from Error! 
Reference source not found. is in good agreement with both the measured behavior as 
well as previously studied injection barrier heights231. 
 
Figure 8.5. Modeled I−V characteristics of the 900 (a) and 700 °C (b) MoS2. Measurement 
temperatures of 130 and 400 K are denoted by black squares and red circles, respectively. 
The FN and TE contributions are plotted in green and blue, respectively. Two TE curves 
are plotted in (a,b) because of the temperature dependence of the TE contribution. 
 
 The device characteristics measured at 130 and 400 K, as well as the FN and TE 
modeled contributions, for the 700 oC MoS2 devices are shown in Figure 8.5 (b). Notably, 
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both high-and low-temperature measurements exhibit similar current magnitudes, which 
falls in agreement with the overall larger FN contribution across all biases. IN addition, the 
TE contribution loses some of its temperature dependence, where TE contributions at both 
130 and 400 K exhibit similar current densities. The combination of increased FN injection 
along with mitigation of TE temperature dependence can be explained by the reduced 
effective SBH, which dropped significantly to 0.18 eV. The FN contribution in the low-
voltage regime saturates at a larger value for a smaller barrier height, which is consistent 
with the findings from Zhu et al231. Additionally, these results demonstrate that a decrease 
in the effective barrier height leads to a smaller difference in TE contributions between two 
temperatures, evidenced by the similar current magnitudes for the 130 and 400 K 
measurements at the low bias regimes shown in Figure 8.5 (a,b). 
 The significant reduction in the barrier height in the 700 oC MoS2 sample suggests 
that gold is susceptible to strong Fermi level pinning effects that arise from material quality 
effects. The increase in interaction may be due to an increase in the defect density and grain 
boundary edges in the MoS2, which can act as sites for gold to interact more strongly with 
the adjacent MoS2. The increased interaction leads to stronger electrostatic coupling 
between the layers, pinning the gold’s work function and effectively reduced the SBH at 
the interface. 
 This observed change in SBH at the MoS2/gold interface, observed experimentally 
and verified theoretically, is due to a change in the gold’s effective work function. It 
appears that because the lower quality MoS2 has an overall higher defect density (primarily 
due to grain boundaries), the MoS2 pins the gold’s work function at a higher energy level
161. 
The reduction of the gold’s effective work function reduces the barrier height at the 
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interface and enables a larger FN tunneling current density at a given applied bias. In 
contrast, the high-quality MoS2 does not pin the gold’s work function as strongly, resulting 
in a larger SBH and a lower overall FN tunnel current density. Because the SBH is larger, 
a larger applied bias is required to induce significant FN injection, and at higher 
temperatures, TE provides a larger injection current than FN tunneling at low-to-moderate 
biases. A band diagram schematic showing the differences between the high- and low-
quality MoS2 devices is shown in Figure 8.6 (a,b) respectively. In the case of low-quality 
MoS2, the effective barrier height at the gold/MoS2 interface is reduced because of a strong 
interaction between defect states in the MoS2 and the adjacent gold. We also note that the 
900 oC MoS2 case is note absent from pinning effects, as metal-induced gap states (MIGS) 
cam exist in the absence of defects158; these results simply imply that defect effects strongly 
influence the pinning strength between the high and low MoS2 film qualities when in 
contact with gold. 
 
Figure 8.6. Band diagrams for the symmetric Au structures are shown in (a,b) for the 900 
and 700 °C MoS2, respectively. In (b), shallow conduction band defects are denoted by the 
red x, the work function of the Au when pinned is given by φ’Au, and the defect-induced 
reduced effective SBH height is labeled as SBHdef. Ef,old in (b) corresponds to the Ef and 
Au band edge when in contact with high quality MoS2, where weaker pinning effects are 





8.4 Asymmetric Heterostructure Device Behavior 
Because the injection behavior at the MoS2/metal interface is dependent on the 
contact metal’s work function, choosing a metal with a different work function should 
significantly change the I-V behavior. As such, the role of material quality on fermi level 
pinning can be further explored. Therefore, a second set of heterostructure devices was 
fabricated, this time using platinum as the bottom contact metal. Platinum has a larger work 
function than gold and should yield asymmetric injection in the forward and reverse bias 
regimes because of offering SBHs at each interface156, 283. Specifically, the SBH of the 
MoS2/gold interfaces is expected to be significantly lower than that of the MoS2/platinum 
interface, and therefore injection into MoS2 from gold (positive biases) is expected to be 
more favorable than injection from platinum (negative biases). 
Room temperature I-V characteristics for the 700 and 900 oC asymmetric MoS2 
devices are shown in Figure 8.7 (a). the positive and negative bias regimes are highlighted 
as injection from gold and platinum, respectively, by the metal’s corresponding color. 
Interestingly, the high-quality MoS2 synthesized at 900 
oC yields device characteristics that 
are symmetric, opposed to initial expectations. This result suggests that gold and platinum 
are pinned to a similar energy level when in contact with the 900 oC MoS2/ leading to 
similar barrier heights at both interfaces. However, the 700 oC MoS2 does result in 
asymmetric device characteristics, with approximately 2 times larger current densities in 
the gold injection regime. This implies that the barrier height at the gold/MoS2 interface is 
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smaller than that at the platinum/MoS2 interface, leading to preferential injection from the 
gold. 
 
Figure 8.7. (a) Absolute value of the I−V relationship for the 900 and 700 °C MoS2 
asymmetric Au/Pt devices measured at room temperature. The positive bias regime 
corresponds to injecting electrons from the Au into MoS2, whereas the negative bias regime 
corresponds to injecting electrons from the Pt into MoS2. (b,c) show the same data plotted 
in (a) but presented in FN plots for the Pt and Au injection regimes, respectively. The FN 
threshold voltage is noted for each curve, given by the voltage value at each minimum. 
 
 The I-V characteristics are replotted in FN plot form in Figure 8.7 (b,c) for platinum 
and gold injections, respectively. The FN threshold voltage is given for each interface for 
both MoS2 qualities. The FN threshold voltage for the 900 
oC MoS2 asymmetric structure 
is nearly identical for both injection regimes; TE is overtaken in the current density at near 
0.5 V in both directions. The 700 oC asymmetric structure yields a noticeable different 
upon observation of the FN plots. The FN threshold voltage is larger at the Pt injection 
interface compared to that at the gold injection interface. The discrepancy between the two 
threshold voltages suggests that the gold’s work function is pinned to a higher energy value 
than the platinum’s work function, reducing the barrier height at the gold/MoS2 interface 
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more drastically than the platinum/MoS2interface. The reduction in the effective barrier 
height leads to an increased FN tunnel current, shifting the FN threshold voltage to lower 
values. 
 As performed for the symmetric gold/MoS2/gold heterostructures, the effective 
barrier height can be extracted for both high-and low-quality MoS2/platinum interfaces 
using eq. 8.3. Doing so yields an effective barrier height of 0.46 eV for the 900 oC 
MoS2/platinum interface and a barrier height of 0.33 eV for the 700 
oC MoS2/platinum 
interface. The modeled behavior for the high- and low-quality dMoS2 devices is shown in 
Figure 8.8 compared to their respective experimental data. 
 
Figure 8.8. Modeled I−V characteristics of the 900 and 700 °C MoS2 asymmetric 
heterostructures measured at room temperature. The FN and TE contributions are plotted 
as solid and dashed lines for the 900 and 700 oC devices, respectively. 
 
8.5 Physically Characterizing the MoS2/Metal Interface 
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To concretely probe the work function of the metal/MoS2 interface, UPS was used 
to explicitly calculate the work function of a measured sample using the following equation 
 ∅ = ℎ𝜈 − (𝐸𝑆𝐸𝐸 −  𝐸𝑓) 8.4 
 
Where hv is the incoming photon energy, ESEE is the secondary electron edge (SEE) energy, 
and Ef is the Fermi energy. Because the incoming photon energy is a known value and both 
the ESEE and Ef can be extracted from the UPS spectrum, the work function can be explicitly 
calculated. Previous studies have used UPS to examine the effective work function of 
metals deposited onto MoS2 as a function of the metal thickness
163, but to our knowledge, 
no studies have been performed on the effect of macroscopic MoS2 quality on Fermi level 
pinning and the resulting metal work function. 
Figure 8.9 (a) shows the UPS spectra for the as-grown 900 and 700 oC MoS2 films. 
The SEE and Ef are highlighted on the 900 
oC spectrum. Figure 8.9 (b,c) shows the UPS 
spectra for the bulk control gold and platinum surfaces, respectively. The statistical 
calculation of each surface’s work function is shown in Figure 8.9 (d) using a standard box 
and whisker plot, and is consistent with the literature values of each surface’s work 
function156, 163, 283. Notably, the 700 oC MoS2 has a larger variance of the calculated work 
function compared to the 900 oC film, which can be attributed to the broader SEE the 700 
oC film exhibits, seen by the increased width of the shaded region. The larger variance in 
the calculated work function can be attributed to increased inhomogeneity in the film 
because of the higher defect density and additional disorder. The calculated work functions 




Figure 8.9. UPS spectra of MoS2/metal interfaces. The UPS spectra for as-grown 900 and 
700 °C MoS2 are shown in (a). The secondary electron edge and Ef are shown on the 900 
°C spectrum in (a). (b,c) show the control UPS measurements for bulk Au and Pt control 
surfaces, whereas (d) contains the statistics of the calculated work functions for each 
spectrum in (a−c). The measured UPS spectra for Au in contact with both high- and low-
quality MoS2 are plotted in (e), and the calculated work functions for both are compared to 
a bulk Au control’s work function in (f). Similarly, (g) shows the UPS spectra for Pt in 
contact with high- and low-quality MoS2 and (h) shows the calculated work functions 
compared to a bulk Pt control. For all spectra, the shaded region represents the area between 
the maximum and minimum spectra measured for each sample, and the solid black 
trendline represents the average of all spectra taken. 
 
To determine the work function of the MoS2/metal interface, samples were 
prepared where a thin metal layer was evaporated onto the high- and low-quality MoS2. 
The thickness of the metal is strictly limited by the measurement depth of the UPS 
technique, and therefore depositing thicker metal films would skew the work function 
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determination by introducing the “bulk” metal163. Therefore, 0.5 nm of gold and platinum 
were deposited on both MoS2 qualities via e-beam evaporation at a rate of 0.01 nm/s. 
The UPS spectra for the 0.5 nm gold/MoS2 interfaces are shown in Figure 8.9 (e), 
and the calculated work functions of each interface are shown in Figure 8.9 (f), along with 
the control gold work function. Noticeably, the work function of the gold in contact with 
the low-quality MoS2 is drastically reduced, suggesting strong pinning toward the MoS2 
conduction band edge. Additionally, the 0.41 eV gold work function reduction is consistent 
with the extracted effective SBH reduction shown in Figure 8.5. The agreement between 
the modeled reduction in SBH from electrical results and measured work function change 
using UPS further supports the strong Fermi level pinning seen at the 700 oC MoS2 gold 
interface. Conversely, the high-quality MoS2 does not appear to strongly modify the gold 
work function, as the work function of the 900 oC MoS2/gold interface exhibits a negligible 
shift from the control gold work function. Figure 8.9 (g,h) shows similar data pertaining to 
the platinum/MoS2 interfaces. The work function calculations for the platinum interfaces 
yield interesting results. The 900 oC MoS2 appears to pin the work function of the platinum 
to a similar value as the gold work function. the similar energy level that both metals are 
pinned to is consistent with the symmetric I-V relationship observed in Figure 8.7 and the 
similar extracted barrier heights in Figure 8.8.Gong et al. have shown theoretically that 
MIGS can occur in MoS2 metal interfaces, leading to pinning effect that do not require a 
large defect density158. When observing gold’s and platinum’s work functions when in 
contact with the 700 oC MoS2, a clear different of approximately 0.5 V is observed. The 
definitive difference in the interface work function at the gold/MoS2 and platinum/MoS2 
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interfaces corroborates the asymmetric I-V behavior and the different in the FN threshold 
voltage for each interface shown in Figure 8.7. 
 From the calculated work functions of each MoS2/metal interface, a new set of 
representative band diagrams can be drawn. Band diagrams for the 900 and 700 oC MoS2 
asymmetric gold/platinum devices are shown in Figure 8.10 (a,b), respectively. 
Unexpectedly, the 900 oC MoS2 asymmetric structure results in a relatively symmetric band 
diagram, where the different between the platinum and gold work functions is only 0.03 
eV. Conversely, the 700 oC MoS2 asymmetric structure results in an asymmetric band 
structure, where the difference between the platinum and gold work functions is 0.47 eV. 
The effective barrier heights extracted from Figure 8.8 are also included, showing similar 
barrier heights at each interface for the 900 oC MoS2 and asymmetric barrier heights at 
each interface for the 700 oC MoS2. 
 
Figure 8.10. Band diagrams for the 900 (a) and 700 °C (b) MoS2 asymmetric Pt/MoS2/Au 
vertical heterostructures, calculated using the extracted barrier heights from Figure 8.8 and 




 To understand the reason behind the significant difference in pinning between the 
high- and low-quality MoS2 asymmetric structures, XPS was performed on each 
MoS2/metal interface sample. By investigating shifts in the core levels, potential bonding 
and interactions can be determined between MoS2 and the metal. Figure 8.11 shows XPS 
spectra for the different samples, with each spectrum normalized to the C 1s peak’s 
position. The Mo 3d core level spectrum for the as-grown high- and low-quality MoS2 
films, in addition to the gold thin film interface samples, is shown in Figure 8.11 (a). A 
clear shift of 0.29 eV is observed in the 700 oC gold/MoS2 spectrum, whereas both the as-
grown films as well as the 900 oC MoS2/gold spectra exhibit degenerate peak positions. 
Prior work has shown that a shift to lower binding energies in the Mo 3d spectrum indicates 
a partially covalent metal/MoS2 interface
157. A similar shift is observed in the 700 oC 
MoS2/gold sample, indicating some amount of covalent bonding between gold and MoS2, 
forming a partially covalent interface (a deviation from the expected van der Waals 
interaction). Similarly, a shift of 0.36 eV is observed in the S 2p spectrum for the 700 oC 
MoS2/gold sample, whereas the as-grown films and the 900 
oC MoS2/gold sample again 
exhibit degenerate peak positions, observed in Figure 8.11 (b). This shift has also been 
previously observed as a result of increased covalent interaction between gold and sulfur 
atoms284. In Figure 8.11 (c), the Au 4f spectra for both MoS2/gold interface samples are 
shown and compared to a standard gold reference spectrum. The 700 oC MoS2/gold 
interface again exhibits a noticeable shift, this time manifesting in the Au 4f doublet 
position. This shift can also be attributed to a transition away from a van der Waals 
interaction and further supports the trend of a partially covalent gold/MoS2 interface
284-285. 
Notably, no such shifts are observed for the 900 oC MoS23/gold interfaces for any of the 
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Mo 3d, S 2p, or Au 4f spectra; all differences in the peak positions of each respective 
spectra, compared to the reference samples, are less than 0.03 eV. 
 
 
Figure 8.11. Mo 3d spectra for the MoS2/Au (a) and MoS2/Pt (d) interfaces, compared to 
the as-grown spectra (dashed lines). The MoS2 Mo 3d
3/2 and 3d5/2 peak positions are 
denoted by the black lines in (a,d), along with the S 2s peak by the gray line. (b,e) show 
the S 2p spectra for the MoS2/ Au and MoS2/Pt interfaces, respectively, compared to the 
as-grown spectra (dashed lines). S 2p1/2 and 2p3/2 are denoted by black lines. (c) shows the 
Au 4f core level spectra for the MoS2/Au interfaces, compared to the bulk Au reference 
spectrum. Au 4f5/2 and 4f7/2 are denoted by black lines. (f) shows the Pt 4f core level spectra 
for the MoS2/Au interfaces, compared to the bulk Pt reference spectrum. Pt 4f
5/2 and 4f7/2 
are denoted by black lines. 
 
 The observed strong interaction between the defective MoS2 and gold can be 
explained by looking at an analogous system. A large amount of literature exists on the 
150 
 
interaction chemistry between sulfur and gold, particularly in the self-assembled 
monolayer (SAM) community230, 286-289. Specifically, in the context of SAMs, the sulfur-
gold bond takes the form of a metal thiolate, which is extremely strong and yields a bond 
strength of approximately 44 kcal/mol287. Similarly, in a defective MoS2 film comprising 
a high density of point defects and grain boundaries, sulfur atoms that do not have a full 
valence of electronic bonds to molybdenum can interact strongly with the adjacent gold 
film. This chemical interaction forms a covalent bridge between the gold and MoS2, 
electrically coupling the two materials more strongly than a typical van der Waals 
interaction. 
 In Figure 8.11 (d,e), the Mo 3d and S 2p core level spectra are shown for both as-
grown MoS2 films as well as the 700 and 900 
oC MoS2/platinum interfaces. IN contrast to 
the 700 oC MoS2/gold interface, platinum does not exhibit any core level shifts in either 
the Mo 3d or S 2p spectra, where any different in peak position is less than 0.04 eV. The 
lack of any observable shift in either spectrum suggests that the interface between platinum 
and MoS2, both high and low qualities, remains predominantly van der Waals. One possible 
explanation is simply that platinum does not interact as strongly with sulfur as gold is 
known to, leading to a more inert interface. Figure 8.11 (f) shows the Pt 4f spectra for both 
MoS2/’platinum interface samples as compares them to a platinum bulk reference sample. 
As in Figure 8.11 (d, e), no observable peak shift is detected, further supporting the 
conclusion that minimal covalent interaction occurred between platinum and MoS2 of 
either quality. 
 The lack of interaction between platinum and both qualities of MoS2 is in noticeable 
contrast to the case of defective MoS2 in contact with gold. This result can also be explained 
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from the perspective of sulfur-based thiol SAM functionalization to platinum. Whereas the 
gold-sulfur interaction is strong and leads to a strong covalent interaction, sulfur thiols do 
not bond as strongly to platinum surfaces290. Specifically, sulfur-based thiols bonded to 
gold yield a single doublet contribution to the resulting S 2p XPS spectrum. In contrast, 
these thiols, when exposed to platinum surfaces, yield three different doublets in the 
resulting S 2p spectrum, indicating that a significant portion of the sulfur end groups did 
not functionalize to the platinum surface. The reduced functionalization percentage suggest 
that sulfur and platinum do not interact as covalently as sulfur and gold, which is consisted 
with our observed interfaces between MoS2 contacted to gold and platinum. 
 These XPS results are consistent with the UPS data and calculated work functions 
for each interface. A strong core level shift is observed in all 700 oC MoS2/gold spectra, 
which is in agreement with the reduction in the work function when gold contacts 700 oC 
MoS2, as seen in Figure 8.9. The low-quality MoS2 contains a high level of defect states, 
which offer sites for covalent bonding between MoS2 and gold, resulting in a partial 
covalent interface. The increased covalency between MoS2 and gold then leads to a strong 
interaction between the materials, leading to strong Fermi level pinning. This pinning then 
reduces the work function of gold, leading to an effective reduction of the SBH. In contrast, 
the 900 oC MoS2 does not result in any noticeable covalent interaction via XPS core level 
shifts, which is consistent with the lack of observed pinning resulting in an unchanged gold 
work function. Similarly, the platinum/MoS2 interfaces exhibit no core level shifts in the 
XPS spectra, suggesting minimal covalent interaction at the interface. The minimal 
interaction leads to a fixed amount of pinning due to MIGS, resulting in comparable work 




In this study, the effect of MoS2 material quality on Fermi level pinning was 
investigated, and an understanding of the relationship between wafer-scale material quality 
and effective contact metal work function was established. MoS2 films of varying qualities 
were synthesized, and purely vertical heterostructure devices were fabricated using 
gold/gold and platinum/gold contracts. The temperature dependence of the devices was 
explored, and it was found that low-quality MoS2 devices are dominated by a temperature-
independent injection mechanism. FN plots revealed that the FN threshold voltage is 
temperature-dependent for the 900 oC MoS2 device but independent for the 700 
oC MoS2 
devices. Device modeling was performed to verify the injection mechanisms, which 
demonstrated good agreement between the experimental and theoretical behaviors. 
Additionally, effective barrier heights were extracted from the device models, which 
revealed that low-quality MoS2 strongly pins gold and reduces the SBH at the interface. 
Pinning that results in low barrier heights leads to temperature independent injection, where 
FN tunneling dominates injection regardless of measurement temperature. Asymmetric 
devices were used to realize that high-quality MoS2 does not result in asymmetric I-V 
behavior. In contrast, low-quality asymmetric MoS2 devices do exhibit an asymmetric I-V 
relationship and yield different FN threshold voltages for gold and platinum injection, 
suggesting different barrier heights at each interface. UPS was performed to calculate the 
effective work function of each interface, which revealed that 700 oC MoS2 pins the gold’s 
work function strongly to low energy values, whereas platinum remains relatively 
unaffected. Additionally, the measured change in the gold’s work function when in contact 
with the 700 oC MoS2 showed good agreement with the extracted SBH change found from 
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modeling the symmetric device behavior. XPS measurements confirm the increased 
covalency between gold and low-quality MoS2 and show minimal covalent interaction 
between both MoS2 films and the platinum metal. 
This work demonstrated the relevance of MoS2 material quality on Fermi level 
pinning. Using cross-point device architecture, the relationship between the macroscopic 
material quality and the strength of Fermi level pinning was demonstrated, and various 
characterization techniques were used to investigate the physical mechanisms that lead to 
the increased pinning strength. These experiments shed light on the impact of material 
quality on a large scale in purely vertical heterostructure device performance and provide 






CHAPTER 9. SUMMARY AND FUTURE WORK 
9.1 Summary 
2D materials are of interest for a variety of next generation electronic device 
architectures. The various architectures can be utilized for numerous applications, 
including flexible electronics, high performance digital electronics, memory select devices, 
and a variety of sensing applications. In particular, 2D heterostructure architectures are of 
significant interest due to the lack of out-of-plane bonds that these material exhibit, 
enabling arbitrary stacking arrangement of these films. However, to successfully 
incorporate 2D materials into BEOL CMOS processes, a process for synthesizing these 
materials at low temperatures is a critical requirement. Additionally, the ability to 
synthesize TMD films onto arbitrary substrates is required to enable layer-by-layer 
fabrication of heterostructures, eliminating the effect of transfer steps that contaminate the 
interfaces between each layer. However, low temperature synthesis restrictions will likely 
yield defective material; consequently, understanding the effects of defects and lower film 
quality on resulting device performance is critical for TMD implementation in various 
device applications. 
As such, this work involved the development of a low-temperature synthesis 
technique for MoS2. By using a H2S plasma, the temperature required for the thin film 
sulfurization reaction of molybdenum initial films is significantly reduced, where synthesis 
is successfully achieved on SiO2 substrates at temperatures as low as 400 
oC. Utilizing an 
MBE chamber that houses both molybdenum and sulfur precursors in situ, a fundamental 
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investigation of the thin film reaction process was also performed. MoO3 was found to be 
more reactive with H2S than metallic Mo initial films, consistent with thermodynamic 
calculations found in literature. However, metallic Mo initial films were found to yield 
higher quality resulting MoS2. In addition, synthesis via cyclic layer-by-layer growth 
enables strong thickness control and high uniformity across large scale. However, the in-
plane conductivity of the film is dominated by variable range hopping, which was 
confirmed to be due to the nanocrystallinity of the film.  
 The low-temperature synthesis was then ported to gold substrates. Interestingly, 
metallic molybdenum initial films yield minimal conversion when using gold substrates. 
Conversely, oxidizing each deposition to MoO3 yields nearly stoichiometric MoS2. A 
strong substrate dependence implies increased import of thermodynamics of the 
sulfurization reaction, in order to aid the sulfurization of molybdenum and quench the 
gold/sulfur interaction. The resulting MoS2 films synthesized on gold are lower in quality 
than corollary films synthesized on SiO2, most likely due to the required oxidization step, 
although successful low temperature synthesis on gold substrates was nevertheless 
achieved. 
 With synthesis on gold substrates achieved, direct layer-by-layer heterostructure 
fabrication is possible. Metal/MoS2/metal heterostructures yield ohmic behavior, 
indicating that the low film quality strongly influences device performance and influences 
device operation predicated on injection at the metal/semiconductor interface. However, 
these metal/MoS2/metal heterostructures do exhibit switching behavior, yielding a 
switching window comparable with memristive MoS2 devices found in literature. 
Introducing a tunneling barrier to the heterostructure forces tunneling from one MoS2 
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electrode to an opposite MoS2 film. Although the device is symmetric in nature, no 
evidence of NDR is observed, again likely attributed to the low film quality increasing 
scattering and eliminating momentum conservative tunneling. Nevertheless, both 
heterostructures indicate that the poor in-plane conduction can be circumvented by 
intelligent device architecture design. 
 Two different heterostructure architectures were exposed to ionizing radiation to 
induce defects into the structure. These defects were then correlated to changes in resulting 
device behavior. Passivated graphene FETs were exposed to increasing doses of X-ray 
irradiation, which resulting in doping and device degradation. 1/f noise measurements were 
used to ascertain the defect energies that arose as a result of irradiation. Correlating DFT 
calculations to device characteristics yield that hydrogen impurities and oxygen complexes 
at the graphene/insulator layer contribute to doping and scattering, shifting the threshold 
voltage and decreasing mobility. This degradation can be reversed by high temperature 
anneals, indicating that no permanent damage is done to the film. Nevertheless, these 
results clearly indicate that any disorder at the 2D/insulator interface strongly impacts 
device performance. 
 In contrast, the MoS2/high-k dielectric/MoS2 tunnel junctions exhibited X-ray 
irradiation resistance. High energy proton irradiation was therefore used to induce defects 
in the heterostructure. Two high-k dielectric interlayers were investigated, Al2O3 and HfO2, 
due to their differing work functions and oxidation states. When exposed to increasing 
fluences of protons, the Al2O3 interlayer devices exhibited a shift in FN threshold voltage, 
whereas the HfO2 devices did not. DFT calculations revealed that passivated oxygen 
vacancies in Al2O3 introduce defect sites that lie close in energy space to the MoS2 
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conduction band, leading to variable range hopping across the interlayer; neither passivated 
or depassivated oxygen vacancies contribute relevant defect energies in HfO2, 
corroborating the lack of radiation response. As such, selectively choosing complementary 
materials is crucial for negating potential defect effects in these heterostructure devices. 
The low temperature MoS2 synthesis technique discussed in CHAPTER 4 was 
ported to WS2 synthesis, permitting WS2 synthesis at 400 
oC. As such, MoS2/WS2 
heterostructures were directly synthesized onto SiO2 substrates; the synthesis order and 
resulting heterostructure orientation did not noticeably effect film quality. In the 
heterostructures consisting of 3-layer MoS2 and 3-layer WS2, interlayer interactions were 
found to modify each material’s electronic structure. Despite the structure consisting of 
two 3-layer films, the two materials’ electronic structure shifts and behaves as if each 
material was ~5 layers. This interaction is likely due to the similarities between the MoS2 
and WS2 crystal structures. XPS depth profiling reveal that the sputter-based synthesis 
introduces transition metal intermixing, which reduces the order of the MoS2/WS2 
interface. Purely vertical MoS2/WS2 heterostructures do not exhibit rectification, and also 
result in symmetric I-V characteristics in both negative and positive bias regimes. Strong 
Fermi level pinning effects result in direct electron injection into the MoS2 conduction 
band, which also aligns with the opposite gold contact’s work function, yielding symmetric 
tunneling behavior across the WS2 layers. 
The MoS2/metal interface was also explored to understand the effect of wafer-scale 
material quality on resulting Fermi level pinning strength. Purely vertical symmetric and 
asymmetric MoS2 heterostructures were fabricated form high and low quality MoS2 films 
to explore the gold/MoS2 and platinum/MoS2 interfaces. Device behavior was modelled to 
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obtain the effective barrier height of each interface, which was verified using XPS and UPS 
physical characterization. Notably, an inherent amount of pinning was found to be present 
for all four interfaces, indicating an inherent amount of defect-independent pinning, likely 
due to MIGS. However, gold was found to covalently interact with defective MoS2, 
resulting in strong pinning effects that reduce the effective barrier height. Because platinum 
does not exhibit a stronger covalent interaction with defective MoS2, it is less susceptible 
to pinning effects. 
 
9.2 Future Work 
This thesis laid the groundwork for integrating 2D vertical heterostructures into 
existing BEOL processes by the realization of a large-area, uniform synthesis process that 
can be performed at low temperatures. In addition, the influence of both as-synthesized and 
radiation-induced defects on device performance were explored, revealing that the low 
temperature synthesized materials introduce significant defect-related layer-layer 
interactions, degrading device performance. As such, a significant amount of optimization 
in synthesis and fabrication of these heterostructures that must be performed. 
Although low temperature synthesis was successfully achieved, the resulting 
material quality significantly hindered device performance. Specifically, the in-lane 
conduction through the films is dominated by variable range hopping. As such, any device 
architecture that requires in-plane conduction will likely be dominated by this hopping 
conduction as opposed to the desired operational principle. Additionally, achieving device 
applications that require specific performance metrics such as steep slope operation and 
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NDR will require higher quality synthesized films. Therefore, improving synthesis to yield 
higher quality films is important. This can be achieved by further balancing the H2S plasma 
soak step, namely optimizing the plasma power and soak duration used. In addition, further 
exploring the cyclic nature of the synthesis may yield higher quality grains, where sub-
monolayer cycles may promote grain growth and shift the synthesis from a nucleation 
dominated process. 
As a part of synthesis optimization, further substrates should be explored for the 
low temperature synthesis process. While SiO2, high-k dielectrics, and gold substrates were 
explored, the effect of synthesis on additional substrates should be investigated. Other 
metal (e.g. titanium, platinum, copper, etc.) and insulating (e.g. sapphire, other amorphous 
oxides, etc.) should be explored in higher detail. Specifically, the influences on substrate 
on resulting crystallinity of the TMD films should be explored, in order to determine the 
extent of epitaxy that dictates the low temperature synthesis process. 
Once synthesis is further optimized, heterostructures that involve lateral transport 
can also be explored. By including lateral transport, the individual 2D layers can be 
electrostatically doped via application of a gate bias, enabling more fine control on 
resulting device performance. However, the photolithographic techniques required to 
fabricate heterostructures with lateral conduction would require careful consideration in 
order to limit the overlap between the two 2D electrodes. As such, transfer techniques may 
be required initially to explore more complex heterostructures, meaning the cleaning 
process of transferred 2D layers must be optimized and carefully performed. 
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In conjunction with synthesis optimization, the development of selenide TMDs 
such as MoSe2 and WSe2 is crucial for realizing more complex heterostructure stacks. In 
particular, the chalcogen intermixing in dissimilar chalcogen layers during synthesis can 
be mitigated by synthesizing the layers at low temperatures. As such, fabricating 
sulfide/selenide heterostructures enables a broad range of hypotheses to investigate. The 
synthesis of selenides can be achieved using similar plasma-assisted techniques, although 
more conventional MBE techniques for selenides have been demonstrated at relatively low 
temperatures in the literature. As such, an e-beam evaporator was ported to the MBE 
system in order to enable future experiments on slower synthesis of TMD films, in 
particular selenides. By thermally effusion selenium at a high flux and co-depositing a low-
flux of transition metal via e-beam evaporation, individual grains of selenide TMDs can be 
obtained. This opens possibilities for combining plasma-assisted techniques with e-beam 
techniques, which can be used to explore the efficacy of a joint synthesis method. This 
technique also appears to be crucial for synthesizing TMD/TMD heterostructures with 
atomically sharp interfaces, as sputter-based synthesis techniques appear to introduce 
transition metal intermixing that inhibits the formation of well-defined heterostructure 
interfaces. 
When more sophisticated heterostructures are realized, further radiation hardness 
studies would be valuable to ascertain the sensitivity of the devices. As the predominant 
radiation effects observed in this thesis pertained to the interface between the 2D material 
and surrounding insulator, it is possible that with higher quality initial materials defects 
may be introduced into the 2D film itself. Therefore, investigating what additional steps 
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need to be taken to insure radiation resistance is important to utilize these materials in 
radiation heavy environments. 
Last, further exploring pinning effects at the TMD/metal interface would be 
valuable to explore the limitation of the low temperature synthesized material. The results 
discussed in this work demonstrate that defect effects significantly modify the interlayer 
interactions between TMDs and adjacent materials, which in turn alter device 
characteristics. As the pinning effects explored in this work only involved high temperature 
synthesized films, performing an explicit Fermi level pinning study on materials 
synthesized at 400 oC would yield valuable information on the saturation of pinning effects 
with respect to material quality. In addition, exploring different metals with low work 
functions may yield information on how to obtain an ohmic contact to TMDs. However, 
because low work function metals commonly oxidize rapidly in air, a sophisticated vacuum 








APPENDIX A. EXPERIMENTAL BACKROUND 
 This chapter outlines the experimental systems used for material synthesis and 
characterization of the 2D films used in this work. The first section of this chapter describes 
the tube furnaces and MBE tools used for graphene and TMD synthesis techniques. The 
second section of this chapter overviews the equipment used for physical and electrical 
characterization of the 2D films and devices. 
 
A.1  Synthesis Systems 
A.1.1 Molecular Beam Epitaxy 
 An MBE tool was used for the low-temperature and heterostructure TMD 
syntheses. The base pressure of the system is on the order of 10-9. Up to eight molecular 
sources can be utilized in the system, allowing for various 2D layers to be synthesized in 
conjunction with one another. Isolation of the different sources is achieved using a wagon 
wheel cooled using chilled water at a temperature of 8 oC. Each molecular beam has a 
shutter which can be used to interrupt the flow of individual sources during growth while 
maintaining the source’s run state. In this work, the MBE utilizes two sputter guns for Mo 
and W sputtering, a gas injector for argon flow during sputter processes, and a direct plasma 
source used for H2S plasma exposure. A schematic of the system is shown in Figure A.1. 
The sample is mounted on a rotating assembly which has an ion gauge mounted opposite 
the sample. This gauge enables flux measurements of precursor flows when compared to a 
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background ion gauge mounted at the rear of the chamber (not shown). Also not shown is 
a liquid nitrogen cryo shroud, which is used to freeze out atmospheric species and further 
reduce chamber pressure. 
 
Figure A.1. Schematic of the MBE system used for low-temperature TMD synthesis. 
Reprinted with permission from Campbell, P.; Perini, C.; Chiu, J.; Gupta, A.; Ray, H. S.; 
Chen, H.; Wenzel, K.; Snyder, E.; Wagner, B. K.; Ready, J.; Vogel, E. M., Plasma-Assisted 
Synthesis of MoS2. 2D Materials 2018, 5 (1), 015005-2. 
 
 To perform synthesis, the sample is mounted to a transfer arm located in the load 
lock of the system. The load lock is evacuated, and the sample is transferred and mounted 
to the rotating assembly in the chamber. Sample temperature is raised using a Veeco VA-
2-SSH substrate heater to the desired synthesis temperature. Samples were exposed to an 
H2S plasma to clean the surface of residues, unless otherwise stated. When synthesis is 
completed, the sample is cooled in vacuum until 200 oC, where it is moved to the load lock 
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and cooled to room temperature under nitrogen flow, at which point the sample is removed 
from the load lock. 
 Of note, an e-beam evaporator was installed into a vacant precursor port to enable 
future investigation of slower synthesis processes. In particular, slowing synthesis by e-
beam evaporating the transition metal in a chalcogen rich environment, as opposed to 
sputtering and subsequent soaking, has been demonstrated in literature to yield individual 
high quality TMD flakes77. A rod of source metal was loaded into the precursor port, which 
is thermally heated via electron emission from a nearby filament. A low flux of evaporated 
metal would be delivered in conjunction with a relatively high chalcogen flux from a 
thermal effusion cell. However, as the melting temperature of tungsten and molybdenum 
is rather high, successful evaporation of the transition metal has been a challenging process, 
and therefore no relevant data from e-beam synthesis was included in this thesis. 
 
A.1.1 High Temperature Tube Furnaces 
 Two furnaces were utilized for synthesis of 2D materials in this work. The first 
system is a CVD Equipment (Central Islip, NY) tube furnace used for experiments 
involving sulfurization of metallic films. The sample to be sulfurized is placed on a graphite 
stage close to the contact point of a thermocouple, used to monitor stage temperature. The 
chamber is heated by infrared bulbs, which reaches a maximum temperature of 950 oC. 
Gas sources for argon, hydrogen, and methane are plumbed to the system, with mass flow 
controllers in-line to provide variable flow rate control of each gas source. Sulfur is 
provided as a powder, where a quartz crucible filled with 50 mg of S powder (Sigma-
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Aldrich) and placed directly onto the stage. Once the sample is loaded into the chamber, 
the chamber was evacuated to a base pressure of 10-6 Torr and then backfilled with argon 
to 5 Torr. The chamber is then sealed, and the temperature is increased to the desired 
synthesis temperature and held for 1 hour. After synthesis, the chamber is cooled to room 
temperature under argon flow, after which the sulfurized sample is removed from the 
furnace. 
 The second tube furnace system used in this work is a CVD FirstNano EasyTube 
3000 advanced CVD system, which was used for graphene synthesis. Graphene was 
synthesized on 25 µm thick 99.98% copper foils (Alfa Aesar), which was placed in glacial 
acetic acid for one minute and rinsed with deionized water prior to being loaded into the 
Furnace’s load lock. Once the foil is loaded into the load lock, the load lock was evacuated 
to 20 mTorr then backfilled with argon. The copper foil was then loaded into the quartz 
chamber, which is evacuated to 10-6 Torr prior to starting the synthesis process. After base 
pressure is reached, the chamber is heated using infrared bulbs to 1000 oC under constant 
argon/hydrogen flow of 200/15 sccm to a pressure of 250 mTorr. The foil is held at 1000 
oC in the argon/hydrogen flow for 10 minutes to anneal the foil. After annealing, the argon 
flow is turned off and methane is introduced into the chamber at 45 sccm while maintaining 
a chamber pressure of 250 mTorr. This environment is held for 6 hours to allow the 
graphene film to nucleate and coalesce into a uniform film. After synthesis, the furnace 
was cooled to room temperature under argon flow, after which the foil is moved from the 




A.2  Characterization Techniques 
A.2.1 Physical Characterization Methods 
 Raman measurements were performed using a Renishaw InVia microRaman 
system with a 488 nm Ar+ laser with a 0.25 m focal length spectrometer. Raman and 
photoluminescence (PL) measurements were performed through a 50x objective in the 180 
back-scattered configuration, 3000 grooves/mm-1 for the 488 nm line. Spectra were 
captured using a front side illuminated CCD camera with a spectral resolution less than 1 
cm-1/pixel. Spectra intensities were normalized to the Si-Si phonon mode at 520 cm-1. 
Spectral analysis was performed manually. 
 Photoluminescence measurements were performed using the same Renishaw InVia 
microRaman system. The 50x objection in the 180 back-scattered configuration was used, 
with a grating of 1200 grooves/mm-1 for the 532 nm line. 
 X-ray photoelectron spectroscopy was performed using a Thermo Scientific K-
alpha XPS system. This system has a monochromated aluminum Kα X-ray source and a 
hemispherical analyzer. Measurements were performed using constant analyzer energy 
mode with 50 eV pass energy and 0.1 eV step size and a 400 µm spot size. Analysis was 
performed using XPSPeak analysis software. 
 UPS was performed using a Kratos Axis Ultra DLD XPS/UPS system using a He 
II source lamp. A pass energy of 10 eV was used in the constant analyzer energy mode, 
with a 50 µm spot size and a 0.05 eV step size. A sample bias of -8.79 V was applied to 
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keep the Fermi energy at 0 eV. At least 10 spectra were measured for each sample, and the 
calculated work functions were averaged and statistically plotted. 
 Atomic force microscopy was performed with a Veeco Dimension 3100 scanning 
probe microscope. AppNano SPM silicon cantilevers coated with Al on the reflex side with 
a pyramidal silicon tip of 1-2 nm radius and a spring constant of 37 N/m were used for 
imaging. All topographic images were acquired in tapping mode with a tip velocity less 
than 6 µm/s. AFM scan data was analyzed using Gwyddion analysis software. RMS 
roughness values were calculated from the entire scan area unless otherwise noted. 
 STEM imaging was performed using a Hitachi 2700 aberration corrected STEM 
using an 80 kV accelerating voltage at 10 µA of current. 
A.2.2 Electrical Characterization Methods 
 Electrical measurements were conducted using a Keithley 4200-SCS 
semiconductor parameter analyzer. A lakeshore TTPX cryogenic probe station was used 
for all vacuum and temperature-dependent measurements. Liquid nitrogen was used to cool 
the probe station to temperatures down to 77 K, and a Lakeshore 336 temperature controller 
was used to regulate the measurement temperature. Electrical measurements were also 
conducted using a Cascade summit 12000 semi-automatic probe station. Measurements 
performed in the Cascade probe station were conducted under a constant flow of nitrogen 
at room temperature and ambient pressure. Measurements conducted in vacuum were 
annealed at 80 oC for 12 hours prior to the measurement to remove residual contaminants 
and adsorbates from the environment. 
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 The electrical properties of the graphene films discussed in CHAPTER 3 were 
extracted using a constant mobility model developed by Kim et al203. The resistance of the 
graphene at a fixed drain bias is measured as a function of gate voltage, and can be modeled 
as 
 
𝑅𝑡𝑜𝑡 =  𝑅𝑐𝑜𝑛 +  
𝑁𝑠𝑞
𝑒𝜇√𝑛0





where Rtot is the total resistant, Rcon is the contact resistance, Nsq is the number of squares, 
no is the intrinsic carrier concentration, nind is the induced carrier concentration from the 
applied gate bias, and µ is the mobility. The induced carrier concentration can be 
determined from device parameters203. The total resistance is then modelled as functions 
of Rcon, no, µ, and the Dirac point of the graphene transistor. A least squares approach is 
used to minimize the error between the measured behavior and modeled resistance, 
yielding the graphene film’s mobility. 
 Device modeling of the FN plot behavior discussed in CHAPTER 8 was performed 
using literature values for electron effective mass and Schottky barrier width275, 291. A fixed 
offset was applied to the FN and TE calculations to account for the device area, and the 
offset was held constant for all modeled junctions, with only the effective barrier height 
being allowed to change. Other potential explanations for the offset include experimental 
error such as transfer residues. These experimental errors would be consistent across all 
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